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I. Abstract 
The correct compartmentalisation of cellular zinc is critical to its homeostasis in Eukarya. The 
vesicular subfamily of mammalian ZnTs mediates the transport of zinc from the cytosol into 
secretory vesicles in endocrine tissues and the brain. ZnT8 supplies the millimolar zinc 
concentrations of insulin granules in pancreatic β-cells, affecting insulin processing, 
crystallisation and secretion. In common with its bacterial homologue YiiP, ZnT8 is formed of a 
transmembrane and a cytosolic C-terminal domain (CTD). The mechanism of zinc transport in 
the bacterial proteins is well-described. While the transmembrane domain and the overall 
protein topology of the mammalian ZnTs is largely conserved from bacteria, there are significant 
differences in primary sequence in the metal-binding CTD. This domain has been shown to 
mediate protein-protein interactions in other mammalian ZnTs. A common mutation causing 
W325R in the CTD of ZnT8 increases the risk of developing type 2 and gestational diabetes, and 
affects autoantibody specificity in type 1 diabetes. This thesis details the purification and 
biophysical characterisation of the two common variants of the ZnT8 CTD. Both domains exhibit 
soluble recombinant protein expression in Escherichia coli. The domains form the ferredoxin-
like fold elucidated for the bacterial homologues. Zinc binds to the conserved interface site and 
to the novel cysteine-rich tail, suggesting that there is a different zinc:protein stoichiometry than 
is found in the bacterial homologues. The cysteine motifs are conserved in the vesicular ZnTs 
and may represent a specific metal uptake strategy by this subfamily. The W325R mutation 
affects dimer formation and stability of the ZnT8 CTD. Dimer formation is not reliant on 
disulphide formation or divalent metal coordination. The data presented herein begin to provide 
a molecular basis for the different diabetes susceptibility caused by the full-length ZnT8 proteins. 
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1. General Introduction 
1.1 Zinc homeostasis 
Zinc is an essential element for all forms of life. Originally identified as indispensable in fungi in 
1869 (Raulin, 1869), and rats in 1934 (Todd et al., 1934), it was not until 1961 that the drastic 
developmental effects of severe zinc deficiency in humans would be described (Prasad et al., 
1961). Speaking to its myriad important roles in the body, even mild zinc deficiency has 
detrimental consequences for many aspects of human health (Rink, 2011). Zinc deficiency of 
varying severity is purported to currently affect two billion humans worldwide (Prasad, 2013).  
Zinc is the second most abundant ‘trace’ metal in the human body after iron, with an average 
70 kg human containing 2-3 g of zinc (Wastney et al., 1986). The majority of this zinc is stored 
within the skeletal muscle (~60%), while other major stores are bone (~30%), liver (~5%) and 
skin (~5%), with the remainder distributed to other tissues such as brain, pancreas and kidney 
(Jackson, 1989). Only ~0.1% of the body’s zinc is contained within the plasma, where it is bound 
by albumin (~80%) and α2-macroglobulin (~20%) (Barnett et al., 2013). Dietary zinc absorption 
is regulated by the duodenum and jejunum (Steel & Cousins, 1985), while excretion of excess 
zinc is achieved through gastrointestinal secretion, sloughing of mucosal cells and integument, 
and renal excretion (Hambidge & Krebs, 2002). Zinc nutriture is dependent on the quantity and 
bioavailability of zinc in food (Maret & Sandstead, 2006). Foods rich in zinc include red meat and 
pulses, while cereals containing non-digestible plant ligands such as phytate reduce zinc 
availability (Sandstead & Smith, 2018). Zinc deficiency can be caused by insufficient dietary 
intake and/or as a secondary symptom of diseases which impair either intestinal control of zinc 
uptake, for example in acrodermatitis enteropathica or cystic fibrosis (McClain, 1985), or 
intestinal release, for example in inflammatory bowel diseases such as Crohn’s disease 
(Solomons et al., 1977).  
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Zinc deficiency can manifest in various symptoms. The first described cases of severe zinc 
deficiency in humans were of Iranian adolescents suffering from dwarfism, hypogonadism, poor 
appetite, mental lethargy and rough skin, all of which were alleviated upon zinc 
supplementation (Prasad et al., 1963). Due to its proliferative nature, the immune system is 
particularly susceptible to zinc deficiency (Prasad, 2013). Zinc regulates several crucial processes 
in innate immunity, including phagocytosis, intracellular killing and cytokine production, while 
in the adaptive immune system, zinc deficiency results in reduced T cell development and 
function and B cell antibody production (Maywald et al., 2017). Other symptoms can include 
impaired brain function (Sandstead et al., 1998) and poor pregnancy outcomes (Goldenberg et 
al., 1995). Zinc supplementation is effectively used to treat acrodermatitis enteropathica and 
Wilson’s disease (to prevent tissue copper overload) and is important to reduce the mortality of 
diarrhea and pneumonia (Maret & Sandstead, 2006). Zinc excess or toxicity is rarely described 
in humans, however incidents of zinc poisoning resulted in nausea, vomiting and diarrhea 
(Brown et al., 1964). However, zinc supplementation must be accompanied by copper, 
otherwise the excess zinc can lead to copper deficiency (Sandstead, 1995). 
Unlike iron or copper, zinc is redox inert and is a Lewis acid (Williams, 1987). These properties 
are integral to zinc having structural and catalytic roles in proteins, and cellular signalling 
functions (Maret, 2013; Maret & Li, 2009). Confirmation as a structural cofactor in proteins came 
in 1938 when insulin was crystallised with zinc (Scott & Fisher, 1938), while the first catalytic 
function of zinc was described for carbonic anhydrase in 1939 (Keilin & Mann, 1939). Zinc has 
since been shown to be a cofactor in all six enzyme classes (Vallee & Falchuk, 1993). The 
identification of zinc-binding residue repeats in Xenopus laevis transcription factor TFIIIA (Miller 
et al., 1985), i.e. the zinc-finger motif, laid the foundation to search genomes for zinc proteins. 
Zinc proteins make up 4-5% of bacterial and archaeal proteomes (Andreini et al., 2006b), with 
the proportion correlating with organism complexity; at least 10% of the human proteome is 
comprised of zinc proteins (Andreini et al., 2006a). 
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Another property of zinc critical for its biochemistry is the relative stability formed by zinc 
complexes, as described by the Irving-Williams series of transition divalent metal ions (Irving & 
Williams, 1948): Mn < Fe < Co < Ni < Cu > Zn. This series indicates that complexes formed by zinc 
are second only to copper(II) in their strength. The high affinity of structural and catalytic 
protein-zinc complexes is one of the reasons for the large disparity between cellular total and 
free zinc; while the average total cellular zinc content is hundreds of micromolar, the free 
cytosolic zinc concentration is approximately picomolar (Krężel & Maret, 2006, 2016). The total 
and free zinc concentrations vary between tissues, cells and organelles. For instance, elevated 
zinc levels are typically found in endocrine tissues such as the prostate and pancreas (Franklin, 
2007; Zalewski et al., 1994). In the pancreas, zinc is concentrated in β-cells, in which insulin 
secretory vesicles contain total zinc concentrations of approximately 20 mM (Foster et al., 1993). 
The free zinc in these vesicles has been measured as between 1-100 µM (Vinkenborg et al., 2009), 
whereas the free zinc in the endoplasmic reticulum (ER) and Golgi of HeLa cells, for instance, is 
0.9 and 0.6 pM respectively (Qin et al., 2011), although absolute measurements of such low 
concentrations must be interpreted carefully (Maret, 2015). The tight control of cytosolic zinc(II) 
ion concentrations in mammalian cells underpins the significance of zinc as a signalling ion akin 
to calcium and magnesium (Maret, 2017). For instance, the inhibition of protein tyrosine 
phosphatase PTP1B by zinc with picomolar to nanomolar affinity is purportedly caused by 
specific spatiotemporal zinc signals (Bellomo et al., 2014). For zinc signals to exist, the 
background free zinc must be tightly controlled. 
Cells have three main tools for regulating zinc homeostasis: zinc-binding proteins, zinc sensors, 
and zinc transporters. The critical function of this repertoire is to be able to deal with both long 
and short-term zinc stimuli (Maret, 2009). For instance, long term stimuli such as culturing cells 
in zinc-rich medium will cause sensor proteins to become activated and upregulate the 
expression of efflux transporters and zinc binding proteins. Short term stimuli such as the release 
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of zinc from an intracellular store, for example the ER, will be buffered by cytosolic zinc binding 
proteins, such as metallothioneins.  
Metallothioneins are small, cysteine-rich cytosolic proteins (Vašák & Meloni, 2011). Mammalian 
metallothioneins can bind up to seven zinc(II) ions with differing affinity, linking the zinc 
occupancy of metallothionein with the zinc status of the cell; during cytosolic zinc deficiency the 
zinc bound to low affinity sites in metallothionein will become displaced and available, whereas 
during high cytosolic zinc concentrations, zinc will occupy these low affinity sites, reducing the 
cytosolic free zinc (Krȩżel & Maret, 2007). Therefore, a major cytosolic store of zinc is bound by 
cysteine residues, meaning that cellular zinc homeostasis is inextricably linked to the redox state 
of the cell (Maret, 2009), despite zinc itself being redox neutral. 
The expression of metallothioneins and other zinc homeostatic proteins is driven by metal 
responsive sensors and transcription factors. The expression of such bacterial metal sensor 
protein pairs, and the subsequent metal buffering, shows that the free cytosolic concentrations 
of transition metals mirrors that of the Irving-Williams series  (Fig. 1.1), with only copper having 
lower free concentrations than zinc (Reyes-Caballero et al., 2011). For example, the Escherichia 
coli zinc sensor Zur is a repressor in its zinc-bound form (Patzer & Hantke, 1998). When free zinc 
concentrations drop below a threshold, zinc dissociates from Zur, preventing Zur binding to its 
target gene ZnuABC, and thus promoting the expression of uptake transporters and other 
proteins which reduce the zinc requirement of the bacterium (Outten & O’Halloran, 2001). 
Conversely, the zinc sensor ZntR binds to its target gene zntA in its zinc-bound form and 
promotes the expression of efflux transporters and metal binding proteins to protect the cell 
from zinc excess (Outten et al., 1999). The effect is that cellular free zinc levels, and the free 
concentrations of other metals, are buffered in a range dictated by the affinity of these sensors 
for the metals (Fig. 1.1). In addition to their roles being defined by affinity, some metal sensors 
are regulated through allostery; while a more abundant metal ion may bind, only the correct ion 
will bind optimally and allow DNA binding (Waldron et al., 2009). In Saccharomyces cerevisiae 
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the zinc excess sensor Zap1 acts as a repressor upon zinc binding (Rutherford & Bird, 2004). Such 
sensing systems are less well described in plants, however the transcription factors bZIP19 and 
bZIP23 have been identified as regulating zinc uptake transporters in Arabidopsis thaliana 
(Assuncao et al., 2010).  
 
Figure 1.1. Cytosolic free metal buffering by metal sensor proteins. Fractional expression of E. coli metal sensors 
is dependent on the concentrations of free metal ions and thus dictate their buffered ranges (grey areas). The 
functions of the sensors are inextricably linked to their dissociation constants for the metals (1/KMe). For zinc, the 
sensor Zur is a repressor in its zinc-bound form, and so its target gene ZnuABC only becomes activated at low zinc 
concentrations. When activated, ZnuABC expresses cellular uptake machinery. Conversely, ZntR is inactive in its 
apo-form, and therefore binds to its target gene zntA at higher zinc concentrations. Activated zntA expresses efflux 
machinery and metal binding proteins. Figure modified from  (Reyes-Caballero et al., 2011).  
 
The only zinc(II) sensor identified in animals to date is metal-response element-binding 
transcription factor 1 (MTF-1) (Laity & Andrews, 2007). Deletion of MTF-1 is embryonically lethal 
in mice (Günes et al., 1998). MTF-1 typically acts as a transcriptional activator in its zinc-bound 
state, binding to the metal response element (MRE) in target genes expressing zinc excess 
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machinery (Li et al., 2006). The affinity of purified MTF-1 for zinc is approximately 31 pM 
(Guerrerio & Berg, 2004). The only direct targets of MTF-1 identified to date are SLC30A1, 
encoding the ubiquitous zinc exporter ZnT1, and genes encoding metallothioneins (Radtke et al., 
1993). In Eukarya, response to cellular metal level also occurs post-transcriptionally, such as 
adjusting mRNA stability or translation, and post-translationally, such as modulation of protein 
trafficking or degradation (Waldron et al., 2009). It has been proposed that MTF-1 heads a direct 
and indirect hierarchy of zinc sensors through control of its target genes (and their downstream 
effects), although much remains to be discovered about the mechanisms of such regulation 
(Hardyman et al., 2016).  
The third set of tools available to cells for zinc homeostasis are transporters, which enable the 
flux of zinc and other metals across biological membranes (Nies, 2007). There are several 
different families of transporters split into two groups, mediating transport into and out of the 
cytosol, although some transporters have been reported as bidirectional (Valentine et al., 2007). 
Families of zinc efflux transporters include RND transporters in bacteria, P-type ATPases in 
bacteria and plants, and cation diffusion facilitators (CDFs), which are ubiquitous to all forms of 
life (Blindauer, 2015). Zinc influx transporters include ABC transporters and TonB-dependent 
receptors in bacteria, and Zrt/Irt-like proteins (ZIP), which are also ubiquitous to all forms of life. 
These protein families have significant structural differences, but most zinc transporters that 
have been studied are either primary or secondary active transporters, driven by ATP hydrolysis 
or electrochemical gradients (Blindauer, 2015), meaning that zinc is typically transported against 
a concentration gradient. The ZIPs appear to be an exception, as the bacterial ZIPB functions as 
a Zn2+ selective channel, through which extracellular Zn2+ diffuses into the tightly controlled 
intracellular lumen (Wei Lin et al., 2010).  
While bacteria and plants express several different zinc transporter families, mammals are 
limited to CDF exporters and ZIP importers (Blindauer, 2015). However, there is a large degree 
of specialisation in mammals, with 14 ZIPs (gene family SLC39A) and 10 CDFs (SLC30A; known as 
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ZnTs in mammals) in humans that have specific tissue and intracellular localisations (Kambe et 
al., 2015). In common with ZnTs, there is no 3D structure of a mammalian ZIP, indeed there is 
no 3D structure of any full-length ZIP protein from any organism. However, the structure of the 
large extracellular domain of a mammalian ZIP4 has recently been elucidated (Tuo Zhang et al., 
2016). This thesis will predominantly focus on CDF/ZnT proteins. 
The CDF family is split into three major clades which reflect their substrate specificity; Mn-CDF, 
Fe/Zn-CDF and Zn-CDF (Montanini et al., 2007). Examples of bacterial Zn-CDFs include E. coli ZitB, 
which confers zinc resistance to zinc-sensitive E. coli (Grass et al., 2001), Ralstonia metallidurans 
CzcD, which mediates the efflux of cobalt, cadmium and zinc (Anton et al., 1999), and Thermus 
thermophilus CzrB, which effluxes cadmium and zinc (Spada et al., 2002). The only elucidated 3D 
structure of a full length CDF is that of the Fe/Zn-CDF E. coli YiiP  (also known as FieF)  (Lu & Fu, 
2007). The current structural and mechanistic models applied to the mammalian ZnTs are based 
on the elucidated properties of E. coli YiiP.  
 1.2 CDF structure 
E. coli YiiP is formed of a transmembrane domain  (TMD) consisting of six helices connected by 
loops of varying length, and a C-terminal domain  (CTD) which forms a conserved ferredoxin fold 
(Fig. 1.2A; Lu and Fu 2007). YiiP is an integral cytoplasmic membrane protein in E. coli, and 
functions as a homodimer to export zinc(II) ions from the cytoplasm into the periplasmic space 
(Lu et al., 2009). 
   










   




Figure 1.2. 3D structure and zinc binding sites of E. coli YiiP. A, each YiiP monomer binds four zinc ions, one in the 
transport site (Site A), one in the hinge region (Site B) and two in a binuclear site in the CTD (Site C). Red arrows 
indicate movement of the zinc(II) ions into the periplasm during transport. B, the YiiP transmembrane helical  
(labelled 1-6) orientation results in two solvent accessible cavities on either side of the membrane. Entrance to 
these cavities is gated by hydrophobic residues I90, L152 and M197. Accessibility to the cavities is altered upon 
zinc binding (Z1), according to the alternate access mechanism. C, schematic of single YiiP protomers showing the 
tilting of the helix 3/6 bundle (yellow) in combination with the conserved hydrophobic residue L152 from the 
1/2/4/5 bundle (green) alternately provides the ‘top’ or ‘bottom’ of the solvent accessible cavity during transport, 
permitting solvent access to the Asp residues constituting Zn2+ site A. D, the cytoplasmic view shows the ‘charge 
interlock’ formed by the two pairs of Lys77 and Asp207 residues in the YiiP dimer which stabilise the helix 3/6 
bundle orientations. Water molecules are shown as red spheres. Zn2+ ions are shown as magenta spheres; their 
ligands as sticks. In B, C and D the CTD is not shown for simplicity. Figures modified from  (Lu et al., 2009) and  
(Gupta et al., 2014).  
 
1.3 TMD structure and function 
The overall architecture of E. coli YiiP is of a Y-shape dimer, with the two TMD protomers splayed 
apart and the two CTD protomers protruding into the cytosol  (Fig. 1.2A; Lu and Fu 2007). The 
six transmembrane helices form two subdomains, in which TMs 1,2 4 and 5 form a tight bundle, 
and TMs 3 and 6 are somewhat separate (Lu et al., 2009). The tilting of this TM3/6 pair relative 
D 
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to the tight bundle in each protomer presents a loop containing conserved hydrophobic residues 
at the bottom of the V-shape structure, toward the CTD (Fig. 1.2B and C;  (Lu et al., 2009). The 
orientation of the TM3/6 pair is stabilised by hydrophobic contacts and salt bridges between 
Lys77 in this loop and Asp207 in the CTD (the 'charge interlock', Fig. 1.2D). The charge interlock 
is necessary for zinc transport function (Lu et al., 2009), although a recent study with a cryo-EM 
structure of Shewanella oneidensis YiiP (45% identity) suggests that it is not critical for the 
conformational changes occurring during transport (Lopez-Redondo et al., 2018). The relatively 
short length of TM5  (18 residues compared to average YiiP TM length of 22) results in an 
extracellular and an intracellular solvent-accessible cavity in each TMD protomer (Fig. 1.2B;  
(Gupta et al., 2014). The extracellular-facing cavity is lined with negatively charged residues 
which provide a favourable environment for Zn2+ binding (Lu et al., 2009). The intracellular-
facing cavity is gated by a highly conserved hydrophobic residue in TM5, provided by L152 in YiiP  
(Fig. 1.2C;  (Gupta et al., 2014). 
The membrane topology of YiiP dictates that, in addition to the cytosolic N-terminal peptide (not 
resolved in the 3D structure) and CTD, the protein contains three extracellular and two 
intracellular loops, with an additional intracellular peptide connecting the TMD to the CTD (Lu 
& Fu, 2007). One of the two intracellular loops, IL2, is located at the entrance to the intracellular-
facing cavity produced by the shortened TM5. This loop, commonly referred to as the His-rich 
loop, is typically enriched with histidine residues in the Zn-CDF clade, suggesting a role in 
determining metal specificity (Kambe et al., 2006). In the Fe/Zn-CDF YiiP, this loop is relatively 
short and does not contain histidine residues. However, even amongst Zn-CDF proteins, the His-
rich loop varies greatly in length, sequence and purported function. There is no 3D structure 
available of this His-rich loop. CDFs which have had their structure fully elucidated, such as E. 
coli YiiP, do not contain such a loop. In other CDFs, the structure of this loop could not be 
resolved, for instance in E. coli ZnuA (Chandra et al., 2007) and Salmonella enterica ZinT (Ilari et 
al., 2014). An isolated fragment of A. thaliana MTP1 encapsulating IL2 contained little secondary 
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structure, further indicating that this loop may be disordered and difficult to structurally resolve 
(Tanaka et al., 2013). Mutating residues in the His-rich loop in A. thaliana MTP1 caused the 
protein to confer resistance to both cobalt and zinc, while the wild type protein could only 
transport zinc (Podar et al., 2012). Interestingly, the residues indentified in the His-rich loop in 
AtMTP1 as conferring zinc specificity, VTVTT, do not bind Zn2+ themselves (Podar et al., 2012), 
and mutation of these residues may alter the membrane topology of the transporter (Wang et 
al., 2018). Several other plant Zn-CDFs are highly specific for zinc, including Populus trichocarpa 
× Populus deltoides MTP1 (Blaudez, 2003), and Arabidopsis halleri MTP1 (Dräger et al., 2004), 
whereas others are less specific; MTP1 protein from both Nicotiana glauca and Nicotiana 
tabacum transport both Zn2+ and Co2+ (Shingu et al., 2005), despite containing large His-rich 
loops. The effects on metal specificity of the His-rich loop in plant Zn-CDFs have not been found 
in the mammalian proteins. The loop is typically shorter in mammalian ZnTs than in plant CDFs, 
and likely has a role in regulating transport activity (Blindauer, 2015). 
E. coli YiiP contains four zinc binding sites per monomer; one at site A in the TMD, one at site B 
in the hinge region, and two at site C in the binuclear site in the CTD (Fig. 1.3). Site A is the active 
site for zinc transport and is highly conserved, consisting of Asp45 and Asp49 from TM2 and 
His153 and Asp157 from TM5 (Fig. 1.3A;  (Lu et al., 2009). Non-functional mutations of these 
residues (e.g. Asp49Ala) ablate zinc transport function (Wei & Fu, 2006). The tetrahedral 
geometry formed by the site A ligands in the crystal structure of YiiP is preferred by Zn2+ and 
Cd2+, but not other divalent cations, including Fe2+ (Wei & Fu, 2005). Mutation of Asp45 in site A 
to histidine limits YiiP to transporting Zn2+ only, and the opposite mutation in ZnT5 (His451Asp) 
and ZnT8 (His106Asp) permits the mammalian ZnTs to transport Cd2+ in addition to Zn2+ (Hoch 
et al., 2012). Therefore, as with all metal-binding proteins, the coordination geometry of the 
active site provides the major selectivity filter, while small changes can be enacted by 
substituting similar residues in the site. Crucial to the function of site A as the transport site is 
that the ligating residues are not constrained by secondary coordination (Fig 1.3A; (Lu et al., 
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2009), meaning that they are flexible and can receive and release Zn2+ with a fast turnover rate 
(Maret & Li, 2009). Site B in YiiP (Fig. 1.3B) is not conserved even amongst bacterial CDFs, and 
mutation of the site did not affect transport function (Lu et al., 2009). 
   
 
Figure 1.3. E. coli YiiP zinc binding sites. A, site A is the conserved transport site formed of residues located in 
helices 2 and 5. B, site B is in a loop between helices 2 and 3 and is not conserved in other CDFs. C, the binuclear 
site C is in the CTD. Notably, His261 is provided by the second protomer in the dimer, providing a Zn2+-regulated 
dimerisation contact. Separate protomers in the dimer are coloured yellow and teal, Zn2+ ions are depicted as 
magenta spheres, metal ligand contacts in magenta dotted lines, and intra-residue hydrogen bonding as black 
dotted lines. Figures modified from (Lu et al., 2009). 
 
1.4 CTD structure and function 
The 3D structure of full-length E. coli YiiP is complemented by the crystal structures of the CTDs 
of the bacterial CDFs T. thermophilus apo- and zinc-bound CzrB (Cherezov et al., 2008), 
Thermotoga maritima apo-TM0876 (Higuchi et al., 2009), and Magnetospirillum 
gryphiswaldense apo-MamM (Zaytuni et al., 2014). Despite only sharing ~30% identity, the 
domains all form a conserved αββαβ structure, also known as a ferredoxin fold. Originally 
identified in iron-sulfur cluster proteins (Orme-Johnson, 1973), this fold type has been identified 
in many metal binding domains, including globular cytosolic proteins such as the yeast copper 
chaperone Atx1 (Pufahl et al., 1997), and the metal binding domains of zinc-transporting 
ATPases such as E. coli ZntA (Banci et al., 2002) and A. thaliana HMA4 (Zimmermann et al., 2009).  
A B C 
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Each protomer of the YiiP CTD binds two Zn2+ ions in the binuclear site C (Fig. 1.3C). One Zn2+ ion 
is tetracoordinated by His232, His248, Asp285 and a water molecule, while the second is 
tetracoordinated by a water molecule, His283, Asp285 and His261 (Lu et al., 2009). His261 is 
provided from the second protomer (Lu et al., 2009). The carboxyl of Asp285 therefore 
coordinates both Zn2+ ions, and His261 provides a link from one CTD protomer to the other (Fig. 
1.3C). His261 is located in helix α2, whereas all the other amino acid ligands are located in the 
β-sheets which form the CTD dimer interface (Lu & Fu, 2007). There are considerable secondary 
coordination contacts for the residues forming site C; His232, His248 and His261 all form 
hydrogen bonds with Glu250, Asp233 and Asp265 respectively, while His283 forms a hydrogen 
bond with Gln284 from the second protomer (Fig. 1.3C; (Lu et al., 2009). These two zinc sites are 
conserved in T. thermophilus CzrB, albeit with Glu replacing Asp285 (Cherezov et al., 2008). 
However, the protomer bridging Zn2+ is coordinated with octahedral geometry by an additional 
two water molecules (Cherezov et al., 2008). CzrB also binds an additional Zn2+ at this interface 
site, although the coordination is not clearly defined and is not likely to be occupied at low 
concentrations of Zn2+ (Cherezov et al., 2008). Zinc binding to T. maritima TM0876 has not been 
characterised, however the zinc binding residues from YiiP are conserved (Higuchi et al., 2009). 
The zinc binding sites in M. gryphiswaldense MamM are in different locations to YiiP, but are still 
localised to the CTD interface (Zaytuni et al., 2014). 
In YiiP, the β-sheets of the CTD form a dimer interface which is highly charged, with a cluster of 
positive charges close to the membrane, and a negatively charged cluster at the base (Lu et al., 
2009). This charged interface was also found in the CTD of CzrB  (Fig. 1.4;  (Cherezov et al., 2008). 
In the homodimer, these pockets of like-charges repulse each other. In full-length YiiP, the top 
of the CTD  (close to the membrane) is stabilised by the charge interlock between Lys77 in the 
TMD and Asp207 in the CTD. However, in the CTD of CzrB there is no charge interlock as the CTD 
is isolated separately from the TMD, and the apo-protein forms a V-shape dimer  (Fig. 1.4). This 
V-shape conformation was also elucidated for the CTDs of apo-TM0876 (Higuchi et al., 2009) 
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and apo-MamM (Zaytuni et al., 2014). In contrast to YiiP, the dimeric conformation of these apo-
CTDs is stabilised by interprotomer hydrogen bonding formed between residues in a loop 
between sheet β2 and helix α2, at the bottom of the CTD (hence the V-shape). 
 
Figure 1.4. The V-shape dimer formed by the CTD of T. thermophilus CzrB contains charged regions. Negatively 
charged regions are red, positively charged regions are blue, while neutral regions are white. Zinc binding site C is 
located in the negatively charged cleft at the base of the V. The approximate location of Zn2+ binding site C is 
indicated by a dashed black circle. Figure modified from  (Cherezov et al., 2008).  
 
In YiiP and CzrB, the cluster of negative charges at the bottom of the CTD surrounds zinc binding 
site C (Fig. 1.4). Occupancy of this site with zinc negates the charge repulsion between the two 
CTD protomer interfaces, and thus stabilises the dimeric conformer (Lu et al., 2009). The 
resultant conformational change in YiiP, from an apo-X-shape to a zinc-bound Y-shape  (Fig. 1.5), 
was elegantly highlighted by FRET-labelling the bottom of the YiiP CTD and titrating in Zn2+ (Lu 
et al., 2009). Non-functional mutation of His232, which provides the CTD interprotomer ligand 
to zinc binding site C, ablates this movement, and reduces transport activity (Lu et al., 2009). 
However, upon Zn2+ binding to the CTD of CzrB, the structure undergoes a 40O transition from a 
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V-shape to a closed II-shape (Cherezov et al., 2008). This zinc-induced conformational change is 
also shown for MamM using small angle X-ray spectroscopy  (SAXS) and by a blue-shift in the 
fluorescence of an interfacial Trp residue  (Zaytuni et al., 2014). This difference in conformational 
change (CzrB and MamM CTDs changing from a V-shape to a closed II-shape, while YiiP CTD 
starts in a Λ-shape and changes to a closed II-shape) may be due to the lack of charge interlock 
in the isolated CTDs, which is necessary for YiiP transport function (Lu et al., 2009), or may 
represent a true difference in mechanism. It is possible that the V-shape dimer formed by the 
isolated CTDs may not be physiologically relevant, and the dimer interface formed between the 
β2-α2 loops may only be energetically favourable without the presence of the TMD. Elucidation 
of the 3D structures of full-length CzrB, or studies using the isolated CTD of YiiP, would aid in 
answering this question. 
 
Figure 1.5. Allosteric regulation of E. coli YiiP by the CTD. Occupancy of site C in the CTD  (pink) with zinc  (purple 
circles) causes a conformational change in the TMD  (blue and yellow), from an X-shape to the zinc-bound Y-shape, 
which allows zinc binding to the TMD transport site. Figure modified from  (Lu et al., 2009). 
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1.5 Bacterial CDF transport mechanism 
YiiP is a secondary active transporter, requiring a proton gradient to transport zinc, and functions 
with an alternating access mechanism (Coudray et al., 2013; Gupta et al., 2014; Lu et al., 2009). 
In the YiiP crystal structure, the crystals were grown in a liquor containing excess zinc, and the 
four zinc binding sites per monomer were occupied (Lu & Fu, 2007). This structure, with the 
TMDs splayed apart, is the outward-facing conformation (toward the periplasm) (Coudray et al., 
2013). A cryo-EM structure of S. oneidensis YiiP, in which the protein was incubated with much 
lower concentrations of zinc, elucidated the inward-facing conformation (toward the cytosol) 
(Coudray et al., 2013). In this conformation, the CTD zinc sites were still occupied but the 
transport site (site A) was not (Coudray et al., 2013). Switching between the inward- and 
outward-facing conformation involves a pivot of the TMDs about the point of zinc binding at site 
A (Coudray et al., 2013). Specifically, the binding of Zn2+ to site A displaces a bound proton, and 
the energy released by the favourable Zn2+ coordination geometry causes a pivot in TM5 
orientation (Gupta et al., 2014). This causes the entrance to the cytosolic facing cavity, gated by 
conserved hydrophobic residue Leu152, to be closed  (Fig. 1.2B and C). The periplasm-cytosol 
pH gradient is one to two units (Ramos et al., 1976). Therefore, when the zinc-bound YiiP is in 
the periplasm-facing conformation, the coordinating His153 may become protonated, causing 
release of Zn2+ into the periplasm (Gupta et al., 2014). The loss of the zinc coordination then 
reverses the TM5 pivot, opening the L152 hydrophobic gate and exposing His153 to the cytosol 
with a higher pH value (Gupta et al., 2014). Subsequent deprotonation of His153 would then 
encourage binding of Zn2+ from the cytosol, completing the transport cycle. This model dictates 
that the presence in site A of a His residue, with a side chain pKa of ~6, is critical to the transport 
mechanism.  
The role of the CTD in the mechanism of CDF transport is less clear. The model for E. coli YiiP is 
that the CTD acts as a cytosolic metal sensor and allosterically regulates transport function, 
similar to the mechanisms elucidated for magnesium and calcium transporters (Lu et al., 2009; 
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Nies, 2007). Occupancy of site C by Zn2+ stabilises the CTD dimer interface and causes the X to Y 
transition  (Fig. 1.5), which is transmitted to the TMD through the charge interlock hinge (Lu et 
al., 2009). Ablation of the inter-protomer His261 in E. coli YiiP indicates that the zinc-induced 
CTD conformational change observed is not required for transport, but the kinetics are 
negatively affected (Lu et al., 2009). Precisely how this movement relates to Leu152 and the 
opening of the cytosolic-facing cavity is not clear. Interestingly, the Maricaulis maris CDF 
MmCDF3 does not encode a CTD at all and is able to confer zinc resistance to a zinc-sensitive E. 
coli strain (Russell & Soulimane, 2012), suggesting that the CTD is not required for transport in 
CDFs. 
The function of a zinc sensor protein is necessarily dictated by its affinity for Zn2+ and its relation 
to the concentration of free Zn2+ in a particular compartment (Fig. 1.1). The presence of 
significant secondary shell coordination in site C indicates that zinc binding to this site would be 
stronger than that of site A, which requires weaker binding for faster on/off kinetics (Lu et al., 
2009). The Kd for the CTD conformational change in E. coli YiiP reconstituted in proteoliposomes, 
as measured using FRET-labelled protein pairs, is 24 μM (Lu et al., 2009). Earlier binding 
measurements using isothermal titration calorimetry (ITC) measured a Kd of 3 μM, although it is 
not clear to which zinc binding site in YiiP this refers (Wei & Fu, 2006). ITC measurements 
indicate that MamM CTD dimers have an affinity for Zn2+ of 16 μM (Zaytuni et al., 2014). The 
cryo-EM structure of S. oneidensis YiiP suggests that the CTD is a static element, with such a 
strong affinity for Zn2+ that the CTD is essentially constitutively occupied (Coudray et al., 2013; 
Lopez-Redondo et al., 2018). However, the only evidence for this statement is that in that study, 
CTD zinc sites remained occupied when the protein was incubated in relatively low 
concentrations of zinc, whereas the transport sites were not occupied, and that addition of 0.5 
mM EDTA probably did not strip the CTD sites of their zinc (Coudray et al., 2013). Nevertheless, 
the free zinc concentration in the E. coli cytosol is maximally pM (Outten & O’Halloran, 2001). 
Therefore, under normal conditions, the CTD of YiiP cannot act independently as a zinc sensor 
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to drive zinc transport in the TMD. Additionally, the transport Km value of full-length YiiP 
reconstituted in liposomes is hundreds of micromolar (Coudray et al., 2013; Lu et al., 2009). One 
argument in favour of the CTD-sensing model is that the bacterial exporters seem to function as 
simple regulators of zinc excess, in that there is no functional requirement for zinc to be 
trafficked into the periplasm by YiiP (although periplasmic zinc concentrations are still regulated 
(Blindauer, 2015). Therefore, as the numbers dictate, YiiP would not be functional under normal 
zinc homeostatic conditions, and would only become activated during episodes of severe 
cytosolic zinc excess. However, the function of many CDFs in higher organisms is to transport 
functionally significant zinc into subcellular compartments (Kambe et al., 2014). These proteins 
need to be able to transport zinc under normal (i.e. very low free zinc) conditions. How these 
proteins get their zinc is an unresolved biochemical issue. The main hypothesis to overcome this 
disparity in demand over supply is through delivery of zinc via a chaperone. 
1.6 Metal delivery to transporters 
The conserved ferredoxin fold formed by the CTDs of CDF proteins provides the basis for the 
theory of metal delivery. In copper transport, there are several well-characterised 
metallochaperone-transporter pairs in which a copper-bound cytosolic chaperone, formed of a 
ferredoxin fold, interacts with and delivers copper to the metal binding domain of its partner 
transporter, which is also formed of a ferredoxin fold (Rosenzweig & O’Halloran, 2000). The 
metal is then delivered to the active site of the transporter and transport of this tightly 
controlled metal ion can then occur. In bacteria, the CopZ chaperone delivers copper(I) to its 
Cu(I)-ATPase partner CopA (Multhaup et al., 2001; Rensing et al., 2000). In yeast, the Atx1 
chaperone delivers copper(I) to its partner Ccc2 (Pufahl et al., 1997). In humans, the Cu(I)-
ATPases ATP7A and ATP7B (Menkes' and Wilson disease proteins) are supplied by the chaperone 
Hah1 (Klomp et al., 1997; Rosenzweig et al., 2000). In all these chaperone/binding domain pairs, 
the metal binding and transfer is mediated by CXXC motifs. The residues surrounding the 
cysteines are critical for ion selectivity (Rosenzweig & O’Halloran, 2000). Such motifs have also 
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been identified in zinc transport proteins, including the metal binding domain of E. coli Zn-
ATPase ZntA (Banci et al., 2002), and in the vesicular subfamily of mammalian ZnTs (Fig. 1.9;  
(Parsons et al., 2018). However, to date no partner chaperone has been identified for any zinc 
transporter. 
The bacterial CDFs do not contain these cysteine motifs. The models of zinc delivery for E. coli 
YiiP and T. thermophilus CzrB suggest that upon the zinc-induced conformational change in the 
CTD, a docking pocket in close proximity to the cytosol-facing cavity will become available 
(Cherezov et al., 2008). The putative chaperone could then bind and deliver its cargo directly to 
the active transport site  (Fig. 1.6). The His-rich loop found in many other CDF proteins is 
predicted to be localised in this region, and thus may provide regulation of the docking 
procedure. However, there is no proof of this mechanism occurring. It is worth reiterating that 
these models necessitate the CTD of the transporters bind Zn2+ to allow the chaperone to bind, 
which appears to occur with low affinity in the bacterial CDFs. However, this model is supported 
by the cryo-EM structure of S. oneidensis YiiP, in which the constitutively zinc-bound CTD would 
allow the transporter to interact with the putative chaperones (Coudray et al., 2013).  
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Figure 1.6. Proposed model for delivery of zinc(II) ions to bacterial CDFs. In low [zinc], the CTD of the transporter 
does not bind Zn2+, and thus the cytosolic metallochaperone  (green) cannot bind. In high [zinc], the conformational 
change in the CTD elicited by Zn2+ binding allows the chaperone to bind and deliver Zn2+ to the transporter. Figure 
modified from (Cherezov et al., 2008).  
 
As stated above, additional mechanisms for zinc acquisition may not be required in the relatively 
simple export systems of bacteria. However, there are pathophysiological consequences if 
mammalian ZnTs cannot transport zinc (Kambe et al., 2014). Identifying the similarities and 
differences in zinc transport pathways between these disparate organisms is critical. 
1.7 Mammalian zinc transporters 
Mammalian zinc transport is largely mediated by two protein families; the ZIPs  (Zrt-, Irt-related 
proteins, SLC39A) transport Zn2+ into the cytosol (Jeong & Eide, 2013), either from the 
extracellular space or from intracellular organelles, and the ZnTs  (Zn Transporters, SLC30A) are 
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responsible for cytosolic Zn2+ efflux (Palmiter & Huang, 2004). In humans there are 14 ZIPs and 
10 ZnTs (Lichten & Cousins, 2009). The relatively large number and variety of zinc transporters 
indicates their specialised roles, and members of both families have specific tissue, cellular and 
subcellular distributions  (Fig. 1.7;  (Kambe et al., 2015). As mentioned above, both families have 
homologues in all forms of life, and there are significant structural and functional differences 
between the two families. Having outlined the structure and function of the bacterial 
homologues of the ZnTs, specific details of this mammalian protein family will now be discussed.  
 
 
Figure 1.7. Localisation of the 14 ZIPs and 10 ZnTs found in mammalian cells. Simplified mammalian cell indicating 
the localisation and transport direction of mammalian zinc transporters. Figure modified from  (Kambe et al., 
2015). 
 
The mammalian ZnTs can be roughly split into two subfamilies; the first, formed of ZnT2, 3, 4 
and 8, are typically restricted to expression on membranes of subcellular vesicles, such as 
secretory granules, endosomes and lysosomes. Members of this subfamily are also typically 
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expressed in specific tissues and cell types. The second subfamily, containing ZnT1, 5, 6, 7 and 
10, are typically expressed more ubiquitously and are localised to non-vesicular membranes  (Fig. 
1.7). Generally the ZnTs function as homodimers as in the bacterial homologues, however 
heterodimerisation of ZnT5 and ZnT6 is critical to their function (Fukunaka et al., 2009), and 
heterodimers between ZnT10 and several vesicular ZnTs are implicated in signal transduction 
(Zhao et al., 2016).  
The first mammalian zinc transporter, dubbed ZnT1, was identified and described in 1995 
(Palmiter & Findley, 1995). ZnT1 is ubiquitously expressed and is the only ZnT for which deletion 
of its gene is embryonically lethal in mice (Andrews et al., 2004). This lethality is likely due to the 
fact that ZnT1 is the only zinc-transporting ZnT that is predominantly localised to the plasma 
membrane  (Fig. 1.7; ZnT10 has been found at the plasma membrane, but is a manganese 
transporter;  (Zogzas et al., 2016). ZnT1 is implicated in signal transduction, and interactions with 
several intracellular proteins have been identified. Through its CTD, ZnT1 binds and activates 
Raf-1, a member of the Ras-ERK cascade (Jirakulaporn & Muslin, 2004). ZnT1 also modulates the 
activity and localisation of both L-type (Levy et al., 2009) and T-type calcium channels (Mor et 
al., 2012). Surprisingly, no disease-causing mutations have been described for ZnT1. Expression 
of ZnT1 is mediated by the Zn2+-responsive transcription factor MTF-1, which also controls the 
levels of many other proteins involved in zinc homeostasis (Laity & Andrews, 2007; Langmade 
et al., 2000). 
ZnT5, 6 and 7 are all localised to the Golgi and the early secretory pathway  (Fig. 1.7;  (Kambe, 
2011). ZnT5 has several unique structural features, including an extended NTD containing an 
additional nine membrane spanning helices. Interestingly this NTD shares little similarity with 
the canonical TMD helices, and the function of this component is not clear (Fukunaka et al., 
2009). A splice variant of ZnT5 (ZnT5B) is capable of bidirectional zinc transport (Valentine et al., 
2007). High expression of ZnT5 in pancreatic β-cells (Kambe et al., 2002), and its role in 
regulating growth hormone secretion (Petkovic et al., 2014), underline the purported 
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importance of Golgi zinc levels in modulating vesicular zinc secretion. Similarly, Golgi zinc-
loading by ZnT7 appears to provide a compensatory mechanism for zinc deficiency in the β-cell 
caused by knockout of ZnT8 (Syring et al., 2016). ZnT6 is missing key residues in the transport 
zinc site and purportedly functions as a regulator of ZnT5 in the heterodimer (Fig. 1.8;  (Fukunaka 
et al., 2009). ZnT10 expresses an asparagine in the transport site and consequently functions as 
a manganese transporter (Fig. 1.8  (Nishito et al., 2016).  
 
Figure 1.8. Conservation of the residues forming the zinc-binding ligands in transport site A. Blue highlighting 
denotes transmembrane helix, red highlighting denotes conserved zinc ligands, magenta highlighting denotes non-
conserved residues with other metal binding capacity. Critical residues in the transport site of ZnT6 are not 
conserved, and ZnT6 consequently does not transport zinc (Fukunaka et al., 2009). The asparagine in TM2 of ZnT10 
causes this protein to transport manganese (Nishito et al., 2016). The metal transport activity of ZnT9 has not been 
elucidated fully. 
 
All of the ZnT family members, with the exception of ZnT5 (Kambe et al., 2002), contain similar 
basic architecture to the bacterial CDFs, and are predicted to form a TMD containing six 
transmembrane helices and a cytosolic CTD. However, most of the mammalian ZnTs contain 
additional structural features compared to E. coli YiiP. For instance, as with other members of 
the Zn-CDF clade, ZnTs contain His-rich loops between TM4/5. While this loop is involved in 
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ZnT5/6 heterodimerisation (Suzuki et al., 2005), the critical role in metal specificity elucidated 
for plant MTPs has not been demonstrated in mammals to date. Mutation of a Ser residue in 
this loop in ZnT5 has been associated with autism (O’Roak et al., 2011). A recent report indicated 
that the Ala-substitution of the His residues in this loop in ZnT2 did not prevent Zn2+ transport, 
but may have a regulatory effect (Fukue et al., 2018). Similarly to E. coli YiiP, the metal specificity 
of mammalian ZnTs relies on the identity of the ligands in the TMD transport site (Hoch et al., 
2012).  
A unique characteristic of the vesicular subfamily of mammalian ZnTs  (ZnT2, 3, 4 and 8) is their 
~80-100 residue N-terminal domain (NTD). These proteins are highly expressed in secretory 
tissues, such as the endocrine system, brain, mammary and prostate and are localised to the 
membranes of intracellular granules. ZnT4 has a longer NTD than the other members, and is also 
found in the Golgi and the trans-Golgi network. The function of the NTD in vesicular ZnTs is not 
clear. It is not required for transport in ZnT2 (Fukue et al., 2018). One might expect the NTD to 
act as a localisation signal to vesicles, but no clear evidence of this has been discovered so far. 
For instance, two isoforms of ZnT2 are expressed in human mammary cells. The long isoform is 
expressed on secretory vesicle membranes, while the short isoform, which contains a 49 residue 
deletion in the TMD but still contains the NTD, is functional as a zinc transporter at the plasma 
membrane (Lopez & Kelleher, 2009). However, a HHCH motif in the ZnT2 NTD, which is 
conserved in ZnT3 and partially conserved in ZnT8, has been implicated in targeting ZnT2 to 
mitochondria (Seo et al., 2011). Intriguingly, a peptide containing this motif binds Zn2+, although 
the functional significance of this fact is not clear (Árus et al., 2013). The NTD of ZnT4 contains 
many residues capable of coordinating Zn2+, including a CXXC motif. Predictions indicate that 
these NTDs are unstructured and it is tempting to speculate that Zn2+ binding to these sites 
stabilises the NTD and enables some function. ZnT8 also has two splice variants; the short 
isoform is missing the N-terminal 49 residues; almost the entire NTD (Carvalho et al., 2017). 
When overexpressed in HEK293 cells, the long isoform localises to intracellular organelles and 
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the plasma membrane, while the short isoform only localises intracellularly (Carvalho et al., 
2017), the opposite to the expected result if the NTD targets to vesicles. The localisation of ZnT3 
to a subset of synaptic vesicles is dependent on the interaction between its CTD and adaptor 
protein 3 (AP-3) (Salazar et al., 2004). Dephosphorylation of Ser296 in the loop connecting TM6 
to the CTD of ZnT2 by tumour necrosis factor-α activates AP-3 binding and thus alters ZnT2 
targeting (Hennigar & Kelleher, 2015). Mutation of the dileucine motif uncovered by the 
dephosphorylation prevents AP-3 binding to ZnT2 (Hennigar & Kelleher, 2015). This motif is 
conserved in ZnT3 but not ZnT4 or ZnT8. These somewhat disparate results indicate that the 
localisation signals in the vesicular ZnTs are not elucidated completely.  
The overall structure of the CTDs of ZnTs is largely conserved (Fig. 1.9) except for ZnT9, which, 
until recently (Perez et al., 2017), was not considered to be a zinc transporter at all due to 
previously being identified as a transcription factor (Sim & Chow, 1999). A major difference 
between the mammalian ZnT CTDs and those of the bacterial CDFs is the loss of the protomer 
bridging His residue (His261 in E. coli YiiP; Fig. 1.9). His261 is critical to the CTD conformational 
change which forms the basis of the model for allosteric regulation of transport by CTD metal 
sensing in bacterial CDFs (Lu et al., 2009). Determining the role of the CTD of mammalian ZnTs 
in the likely absence of this mechanism is an active research area, and one of the objectives of 
this research project. Interestingly, despite ZnT10 being a manganese transporter, the metal 
binding residues in the CTD are conserved with the zinc transporting isoforms (Fig. 1.9).  
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Figure 1.9. Metal binding and structural motifs in the CTDs of ZnTs and the bacterial homologues. Prediction of 
secondary structures in the CTDs of human ZnTs indicates that the ferredoxin fold elucidated for the bacterial 
homologues is conserved (α-helix in blue, β-sheet in green).  Metal binding residues are highlighted in red with 
black text. The residues for zinc site 2 are not conserved in the mammalian ZnTs. Residue numbering is based on 
E. coli YiiP; annotated metal-binding residues highlighted in yellow are from one protomer in the dimer, H261 
highlighted in blue is donated from the second protomer. Critically, H261 is not conserved in mammalian ZnTs. 
Residues involved in the charge interlock (“Ch. Int.”) are only conserved in the vesicular ZnT subfamily (ZnT2, 3, 4 
and 8). The dileucine motif is conserved in ZnT2 and 3 and is purported to regulate localisation. The CXXC motif 
(highlighted in purple) is also only conserved in vesicular ZnTs. The R325 residue linked to altered diabetes 
susceptibility in ZnT8 is highlighted in yellow.  
 
Mutations in the CTDs of mammalian ZnTs are purported to affect transport function. The L349P 
mutation in the CTD of ZnT10 likely disrupts the conserved β-sheet structure and leads to 
hypermanganesemia (Tuschl et al., 2012). Several mutations in the conserved secondary 
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structures of the CTD of human ZnT2 alter zinc transport into mammary gland vesicles and cause 
transient neonatal zinc deficiency (TNZD) (Alam et al., 2015). Transient overexpression of ZnT2 
constructs in zinc-sensitive chicken bursa lymphoma DT40 cells reveals that residues G280, T312 
and E355 in the CTD of ZnT2 are critical to transport function (Golan et al., 2016). The R298C 
mutation in the CTD of ZnT3 increases the risk of febrile seizures (Hildebrand et al., 2015). The 
W325R mutation in the CTD of ZnT8 affects zinc transport (Merriman et al., 2016) and increases 
the risk of developing both type-2 (Rutter & Chimienti, 2015) and gestational diabetes (Ziqi Lin 
et al., 2018). Clearly, disrupting the structure of the ferredoxin fold and/or the zinc binding of 
the CTDs of mammalian ZnTs has a significant effect on the function of the full-length proteins. 
1.8 ZnT8 and diabetes 
Discovery of the relationship between zinc and diabetes began in 1934, when cadavers from 
type 1 diabetic patients were found to have 50% less pancreatic zinc than normal (Scott & Fisher, 
1938). The majority of pancreatic zinc is contained within the insulin secretory granules in the 
β-cells, where total zinc reaches approximately 20 mM (Foster et al., 1993). To produce mature 
insulin, preproinsulin is formed in the rough endoplasmic reticulum and consists of two chains 
of insulin connected by C-peptide with an attached signalling peptide (Dodson & Steiner, 1998). 
The signal peptide is cleaved and proinsulin transported to the trans-Golgi network, where it is 
packaged into immature secretory vesicles (Dodson & Steiner, 1998). Proinsulin is then 
processed by zinc-dependent enzymes prohormone convertases 1/2 and 3, and 
carboxypeptidase E, to form mature insulin. Insulin dimers aggregate around two Zn2+ ions and 
a Ca2+ ion and form hexamers (Dunn, 2005). Proton-ATPases on the insulin granule reduce the 
pH of the granule lumen to ~6 (Hou et al., 2009). This increases the activity of the insulin 
maturation enzymes and stabilises the insulin hexamers (Hou et al., 2009). Insulin hexamers 
have greatly reduced solubility and crystallise, which is the most space-efficient storage form 
(Dunn, 2005). The secretion of insulin granules in response to cell membrane depolarisation 
exposes the insulin hexamers to neutral extracellular pH, causing dissociation into monomeric 
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insulin and the concomitant release of Zn2+ ions (Hou et al., 2009). This secreted zinc has 
autocrine effects on β-cells and paracrine effects on glucagon release from α-cells (Hardy et al., 
2011). Insulin is also co-secreted with amylin. Aggregated fibrillar amylin is a common symptom 
in type 2 diabetic patients, and Zn2+ binding to amylin prevents aggregation (Brender et al., 2010). 
In mice, co-secreted Zn2+ also plays a role in regulating insulin clearance in the liver (Tamaki et 
al., 2013), although it is not clear whether this is significant in humans. 
ZnT8 is a member of the vesicular subfamily of mammalian ZnTs and was identified in 2004 as 
being highly expressed on the membranes of insulin secretory granules in pancreatic β-cells 
(Chimienti et al., 2004, 2006). Its function is to supply zinc to the granules, which is critical for 
the formation of the crystalline storage form of insulin and other granular biochemistry 
(Davidson et al., 2014). It has since been shown to also be present in several other endocrine 
cell types (Murgia et al., 2009), including pancreatic α-cells (Solomou et al., 2015) and testicular 
Leydig cells (Xiuli Zhang et al., 2018). The mRNA of two splice variants of Znt8 have been 
detected in human pancreatic islets, but there is only evidence of protein for the long, 369 
residue variant (Eizirik et al., 2012). Expression of Znt8 in β-cells is controlled by the β-cell specific 
transcription factor Pdx-1 (Pound et al., 2011). Znt8 is downregulated in β-cells in response to 
reduced cytosolic zinc concentrations (Lefebvre et al., 2012), but this may be due to β-cell 
dedifferentiation and loss of β-cell transcription factors in response to the reduced zinc (Lawson 
et al., 2018), rather than a direct effect on Znt8 itself. Interestingly, ZnT2 recruits a H+-ATPase to 
vesicles in mammary epithelial cells (Lee et al., 2017), suggesting that the pH decrease in insulin 
granules could be dependent on ZnT8 expression, although there is no direct evidence for this. 
In 2007, genome-wide association studies (GWAS) identified the rs13266634 mutation in Znt8 
causing W325R in the CTD as increasing the risk of developing type 2 diabetes by approximately 
15% per allele (Saxena et al., 2007; Sladek et al., 2007). A recent meta-analysis has also linked 
the ZnT8 R325 variant with gestational diabetes (Ziqi Lin et al., 2018). Remarkably, the R325 risk 
variant is the major ZnT8 variant in human populations (Sladek et al., 2007). This revelation 
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sparked a great deal of interest, resulting in four global (Lemaire et al., 2009; Nicolson et al., 
2009; Pound et al., 2009, 2012) and two β-cell specific (Tamaki et al., 2013; Wijesekara et al., 
2010) Znt8 knockout mouse studies. However, the knockout studies did not indicate the strong 
phenotype expected and contained few consensus results. All of the studies showed that Znt8 
knockout caused reduced islet zinc content and a marked change in the morphology of the 
insulin granules (da Silva Xavier et al., 2013). However, in general the studies showed that the 
islet insulin content did not change (da Silva Xavier et al., 2013). The effects of Znt8 knockout on 
common diabetic markers in the mice, such as glucose-stimulated insulin secretion (GSIS), were 
mixed; GSIS was increased in two studies, did not change in two, and decreased in two (da Silva 
Xavier et al., 2013). The effects on proinsulin processing were similarly mixed (Davidson et al., 
2014). The suggested reasons for the disparate results included differences in animal 
characteristics and husbandry between the research groups (da Silva Xavier et al., 2013). Later 
studies using Znt7/Znt8 knockout mice revealed that knockout of Znt8 is compensated for by 
the function of the Golgi-localised ZnT7, with GSIS ablated in double knockout mice (Syring et 
al., 2016). In their mouse knockout paper, the Rutter group showed that the ZnT8 R325 variant 
resulted in a less active transporter when overexpressed in MIN6 mouse insulinoma cells 
(Nicolson et al., 2009). At this point in time, the theory was that the increase in diabetes risk 
caused by the R325 variant was due to a decreased supply of zinc to the insulin granules 
(Nicolson et al., 2009). However, in 2014, a report detailed the genotyping of over 150,000 
people indicating that rare loss-of-function mutations in Znt8, which lead to haploinsufficiency, 
are protective of type 2 diabetes (Flannick et al., 2014). Subsequent transport kinetic studies 
with full-length ZnT8 reconstituted into proteoliposomes indicated that the R325 variant of ZnT8 
has increased transport activity in certain lipid compositions (Merriman et al., 2016). However, 
a second study investigating 65Zn uptake into X. laevis oocytes by the R/W325 ZnT8 variants 
found no difference in transport activity (Carvalho et al., 2017). These complicated data on the 
relationship of ZnT8 to type 2 diabetes leave several questions unanswered. How does 
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haploinsufficiency of Znt8 protect against type 2 diabetes? Does ZnT8 have additional beneficial 
functions which have caused it to be evolutionarily conserved among animals? Why is increased 
zinc transport activity by the R325 variant detrimental? Is there another mechanism which is 
disrupted by the mutation, for instance a protein-protein interaction? One line of 
experimentation that could start to answer these questions is biochemical characterisation of 
ZnT8. 
ZnT8 is also one of the five major autoantigens found in type 1 diabetic patients (Wenzlau et al., 
2007). The region of ZnT8 which is most often targeted by autoimmunity is in its CTD, and 
autoantibody specificity is affected by the W325R mutation (Wenzlau et al., 2008). Interestingly, 
human anti-ZnT8 autoantibodies do not cross-react with other mammalian ZnTs or even murine 
ZnT8 (Wenzlau et al., 2008), which encodes Gln at position 325. These data indicate that residue 
325 is a determinant of autoantibody specificity, although encoding R or W325 does not alter 
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1.9 Project aims 
Currently the understanding of how the mammalian ZnTs function is largely based on the models 
of the bacterial CDFs, such as E. coli YiiP. However, the bacterial model is not sufficient to 
describe uptake of Zn2+ into functionally critical secretory vesicles, as mediated by ZnT2, 3, 4 and 
8. The CTD of mammalian ZnTs has a conserved overall architecture, and many mutations in this 
domain have pathophysiological consequences in humans. One of these is W325R in ZnT8, which 
increases the risk of developing type 2 diabetes. The biochemical effect of the mutation is not 
clear. 
Therefore, this project aimed to complete the following objectives: 
 I. Express and purify the CTD of ZnT8. 
 II. Elucidate the structural and functional differences between the bacterial CDF CTDs 
 and the CTD of ZnT8. 
 III. Assess the biochemical effect of the diabetes-risk W325R mutation on the CTD of 
 ZnT8. 
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2. General Materials and Methods 
2.1 Materials 
Tris(2-carboxyethyl)phosphine hydrochloride (TCEP), HEPES, iodoacetamide, Zincon sodium salt, 
NaCl, K2HPO4, KH2PO4, MgCl2, ZnCl2, KCl, glycine, Na2HPO4, KH2PO4, MgSO4, Na2SO4, sodium 
citrate, FeCl3, CuCl2, CoCl2, H3BO3, α-lactose, HNO3, KNO3, HCl, 15NH4Cl, methanol, DMSO and N-
acetyl-DL-tryptophan were purchased from Sigma Aldrich; Coomassie Brilliant Blue R250, 
dithiothreitol (DTT), DNase, lysozyme, BPER lysis reagent, HisPur cobalt resin and 
phenylmethylsulphonyl fluoride (PMSF) from Thermo Fisher; Tris-base, glycerol and sodium 
dodecyl sulphate (SDS) from Severn Biotech; KI, Tween-20 and NiSO4.6H20 from Acros Organics; 
EDTA, NaOH, chloramphenicol from Cambridge Bioscience; LB medium powder, D-glucose and 
LB agar powder from MP Biomedicals; ampicillin sodium salt, L-rhamnose monohydrate from 
Alfa Aesar; sucrose from Merck Millipore; isopropyl β-D-1-thiogalactopyranoside (IPTG) from 
Promega; L,L-dityrosine dihydrochloride from Santa Cruz Biotechnology; 5,5’-dithiobis-(2-
nitrobenzoic acid) (DTNB; Ellman’s reagent) from Invitrogen; maleimide from Fluorochem 
Limited; 2-mercaptoethanol from VWR International; and imidazole from Apollo Scientific. 
Table 2.1. List of plasmids used in this thesis. 
Plasmid Protein expressed Source Map 
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Table 2.2. List of oligos used in this thesis. 
Oligo sequence Purpose 
5’-TAATACGACTCACTATAGGG-3’ T7 sequencing  
5’-CTAGTTATTGCTCAGCGGT-3’ T7_term sequencing 
5’-GGATCCTTAGTCGCACGGAT-3’ ZnT8c cloning, forward 
5’-TATACCATGCATCACCATC-3’ ZnT8c cloning, reverse 
N.B Oligo sequence for mutation of ZnT8cR to ZnT8cW not divulged by Mutagenex, so not listed 
Table 2.3. Bacterial strains used in this thesis 
E. coli strain Genotype Source 
DH5α F- fhuA2 lac(del)U169 phoA glnV44 
Φ80' lacZ(del)M15 gyrA96 recA1 
relA1 endA1 thi-1 hsdR17 
Prof. Christer Hogstrand, 
King’s College London 
BL21 (DE3)  F- fhuA2 [lon] ompT gal (λ DE3) 
[dcm] ∆hsdS  
New England Biolabs 
(Ipswich, MA, USA)  
BL21 (DE3) pLysS  F- fhuA2 [lon] ompT gal (λ DE3) 
[dcm] ∆hsdS/ pLysS(CamR)  
Promega (Madison, WI, 
USA)  
ArcticExpress (DE3)  F- fhuA2 [lon] ompT gal (λ DE3) 
[dcm] ∆hsdS Tetr endA Hte [cpn10 
cpn60 (GentR)]  
Agilent (Santa Clara, CA, 
USA)  
   




F- fhuA2 [lon] ompT gal (λ DE3) 
[dcm] ∆hsdS *  
Cambridge Bioscience 
(Cambridge, UK)  
Lemo21 (DE3)  F- fhuA2 [lon] ompT gal (λ DE3) 
[dcm] ∆hsdS/ pLemo(CamR)  
New England Biolabs 
(Ipswich, MA, USA)  
SoluBL21™  F- fhuA2 [lon] ompT gal (λ DE3) 
[dcm] ∆hsdS *  
AMS Biotechnology (Oxford, 
UK)  
 
2.2 Expression plasmids 
The cDNA sequence encoding residues 267-369 of the ZnT8 R325 variant was optimised for E. 
coli expression using a proprietary tool by DNA2.0 (Menlo Park, CA). This sequence was 
synthesised and inserted into a pMOTHER Electra™ vector (pM268, Appendix I) by DNA2.0. The 
cDNA encoding ZnT8cR was then transferred into a pET6H bacterial expression vector (Appendix 
II, derived from pET11D) encoding an N-terminal hexahistidine tag and a WELQ protease 
cleavage site by the Protein Production Facility (King’s College London, UK) using PCR (pET6H-
WELQ-ZnT8cR, Appendix V). This pET6H-WELQ-ZnT8cR plasmid was used to produce ZnT8cR 
inclusion bodies (section 3.2.1). The cDNA encoding ZnT8cR was also transferred into a pET6H 
expression vector encoding a TEV protease site by the Protein Production Facility (King’s College 
London, UK) using PCR (pET6H-TEV-ZnT8cR, Appendix III). Mutagenesis of the CGG codon 
encoding R325 (human SLC30A8 codes CGT codon for R325, CGG is the ‘optimised’ codon in E. 
coli: see Appendix VI) to TGG encoding W325 was carried out by Mutagenex (Suwanee, GA) on 
pET6H-TEV-ZnT8cR to create pET6H-TEV-ZnT8cW (Appendix IV). Unless specified, all expression 
of soluble ZnT8c protein was conducted using the two variant pET6H-TEV-ZnT8c plasmids 
(section 2.3). Plasmid isolation was conducted using a GeneJet plasmid midiprep kit (Thermo 
Scientific). The sequences of all expression plasmids were confirmed with Sanger sequencing 
using standard T7 and T7_term primers by Eurofins Genomics (Ebersberg, Germany). Several 
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ZnT8cRΔCterm plasmids were constructed by the Protein Production Facility (King's College 
London) to test the effects of the cysteine residues on soluble protein expression. These 
plasmids encoded residues 267-359, 267-358 and 267-356 of ZnT8 R325 variant in the same 
pET6H-TEV-ZnT8cR backbone (Table 2.4). 
Table 2.4. Sequences of the ΔCterm ZnT8cR constructs.  
Construct  Sequence  
ZnT8cR-WT  267…LTIQMESPVDQDPDCLFCEDPCD-369  
ZnT8cRΔ359-369  267…LTIQMESPVDQD-358 
ZnT8cRΔ358-369  267…LTIQMESPVDQ-357 
ZnT8cRΔ356-369  267…LTIQMESPV-355 
 
 
2.3 Soluble protein expression and purification 
The two pET6H-TEV-ZnT8c plasmids were transformed using standard heat shock protocol into 
chemically competent E. coli strain SoluBL21TM (AMS Biotechnology) and streaked on LB agar 
plates containing 100 µg/mL ampicillin. Starter cultures of 10 mL were inoculated with either 
variant and grown in LB medium containing 100 µg/mL ampicillin at 25 oC overnight at 200 rpm 
on an orbital shaker. Overnight starter cultures were diluted to 2 L with fresh LB medium 
containing 100 µg/mL ampicillin and incubated at 30 oC at 200 rpm until the OD600 reached 0.60. 
Cells were then kept at 16 oC at 200 rpm on an orbital shaker for 30 min before protein 
expression was induced with 0.5 mM IPTG and the cells kept at 16 oC and at 200 rpm for an 
additional 42 h. Cells were harvested by centrifugation and resuspended in 10 mL lysis buffer 
(50 mM Tris/HCl, pH 8, 100 mM NaCl, 100 mM sucrose, 5 mM DTT, 2 mM MgCl2, 1 mM PMSF, 5 
U/ml DNase (Thermo Scientific)) until a homogenous solution was obtained. The homogenate 
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was diluted 1:6 with equilibration buffer (50 mM Tris/HCl, pH 8, 100 mM NaCl, 100 mM sucrose, 
2 mM DTT, 20 mM imidazole, containing one tablet of Complete ULTRA mini EDTA-free protease 
inhibitors (Roche)), and sonicated (Model 2000U, Ultrasonic Power Corp., +285 output, 0.5 s-1 
pulse) in an ice-water bath for 20 sec pulse and 40 sec rest settings for a total of 15 min, followed 
by centrifugation at 45,000 x g for 40 min at 4 oC. The 60 mL supernatant was added to 2 mL of 
pre-equilibrated Ni2+ affinity gel (Sigma Aldrich) and incubated end-over-end on a roller at 4 oC 
for 40 min. After centrifugation at 500 x g for 1 min at 4 oC, the pellet was washed three times 
with equilibration buffer containing 500 mM NaCl. The bound protein was eluted in five 1 mL 
washes with elution buffer (50 mM Tris/HCl, pH 8, 500 mM NaCl, 100 mM sucrose, 2 mM DTT, 
300 mM imidazole). The eluate was loaded onto a Superdex S75 26/60 column (GE Healthcare) 
equilibrated with purification buffer (50 mM Tris/HCl, pH 8, 300 mM NaCl, 100 mM sucrose, 100 
µM TCEP) using a flow rate of 2.2 mL/min and a column temperature of 4 oC. To produce ZnT8c 
apo-protein, 2 mM TCEP and 1 mM EDTA were added to the 10 mL fractions from size exclusion 
chromatography and then concentrated to approximately 0.5 mL using a 15 mL 3 kDa MWCO 
centrifugal concentrator (Merck Millipore). Samples were stored in this state for up to one week 
at 4 oC. Up to 0.5 mL protein was then diluted 30x with EDTA- and TCEP-free buffer (exact 
constituents are dependent on assay to be carried out as given in the corresponding methods 
sections) and concentrated to 0.5 mL with the same centrifugal concentrators, performing this 
dilution/concentration step at least three times. Reduced apo (zinc-free) protein was then used 
fresh within one day.   
2.4 Determination of protein concentration 
The concentration of the protein samples was determined spectroscopically. The extinction 
coefficients of 13,980 M-1cm-1 for ZnT8cW and 8480 M-1cm-1 for ZnT8cR were calculated from 
the primary protein sequences using the ExPASy ProtParam server  (Gasteiger et al., 2005). The 
cysteine residues were assumed to be reduced for these calculations due to the presence of 
TCEP in all buffers. The accuracy of the determination was corroborated spectrophotometrically 
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using a modified Bradford assay  (Zor & Selinger, 1996) with Bio-Rad protein assay reagent. 
Bovine serum albumin dissolved in purification buffer was used as the standard. Unless noted 
otherwise, the protein concentrations stated in this thesis were determined with spectroscopic 
measurement only. References to ‘molar equivalents’ of metal added always refer to molar 
equivalents of the monomeric concentration of ZnT8c. 
2.5 Assessing cysteine redox state 
After washing the proteins to remove reducing agent, DTNB (Ellman’s reagent) was used to 
quantify the free sulfhydryls present in the protein samples. The reaction buffer was specific to 
each assay and is specified in the corresponding methods section. Protein was diluted to 2 µM 
in reaction buffer and the production of TNB measured after 15 min using the extinction 
coefficient at 412 nm of 14,150 M-1 cm-1. 
2.6 Blocking of cysteine residues 
Both iodoacetamide and maleimide were used to block the three cysteine residues in the ZnT8c 
proteins. For iodoacetamide, a 0.5 M stock solution was prepared in water. For maleimide, a 0.5 
M stock solution was prepared in DMSO. Protein samples of ≤300 µM were incubated with 15 
mM of either iodoacetamide or maleimide for 1 hour at 21 oC. The concentration of DMSO in 
the protein samples treated with maleimide was therefore approximately 3% (v/v). Successful 
reaction with the cysteine sulfhydryls and therefore blocking of cysteines was confirmed by 
DTNB detecting 0 free sulfhydryls in the treated protein. 
2.7 Circular dichroism 
CD spectra were acquired using a Chirascan Plus spectrometer (Applied Photophysics, 
Leatherhead, UK). Near-UV CD spectra were acquired between 240-400 nm using a 10 mm path 
length cuvette. Far-UV CD spectra were acquired between 195-260 nm using a 0.5 mm path 
length cuvette. All measurements were taken using a bandwidth of 2 nm, a step size of 1 nm 
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and a time-per-point of 1 s. Far-UV measurements were taken at 20 oC using 0.2 mg/mL protein 
(approximately 15 µM) in 10 mM potassium phosphate, pH 8, 60 mM NaCl, 20 mM sucrose, 
whereas 0.4 mg/ml protein samples were used for near-UV CD. If a different buffer was used, 
this is indicated in the respective results section. CD spectra were smoothed using Chirascan 
Pro-Data Viewer software (Applied Photophysics) with a Savitsky-Golay smoothing factor of 4. 
Secondary structure content of the proteins was calculated from smoothed far-UV CD spectra 
using BeStSel (Micsonai et al., 2015). CD melting analyses were carried out by measuring the 
change in far-UV CD at 222 nm between 6-92 oC at a heating rate of 1 oC/min. A far-UV spectrum 
of each sample was taken before and after the melting ramp. Far-UV spectra and melting 
analyses were also acquired for both ZnT8 CTD variants in the presence of two molar equivalents 
of Zn2+ and Ni2+, and after replacing the 60 mM NaCl in the experimental buffer with 60 mM KCl 
to mimic the intracellular milieu. 
2.8 Protein electrophoresis 
2.8.1 SDS-PAGE 
Protein samples were mixed with Laemmli sample buffer (125 mM Tris/HCl, pH 6.8, 4% SDS, 20% 
glycerol, 10% 2-mercaptoethanol, 0.004% bromophenol blue) and loaded onto 16% (w/v) Tris-
glycine polyacrylamide gels (Thermo Fisher Scientific). Dual colour protein standards were used 
as size markers. Proteins were separated in Tris-glycine running buffer containing 0.1% (w/v) 
SDS using a voltage of 120 V. Gels were either stained with Coomassie R250 dissolved in 
methanol/acetic acid/water or transferred to polyvinylidene difluoride (PVDF) membranes for 
western blot. 
2.8.2 Western blot 
Proteins separated using SDS-PAGE were transferred to PVDF membrane using a semi-wet 
transfer in transfer buffer (25 mM Tris/HCl, pH 8.3, 192 mM glycine, 20% (v/v) methanol) at 100 
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V for 45 minutes. Membranes were stained with Ponceau (Sigma Aldrich) to check completion 
of transfer, before blocking with 5% (w/v) skimmed milk in TBS-T for 1 hour at 21 oC. Presence 
of His-ZnT8c protein was probed with 1:1000 mouse anti-His-tag primary antibody, followed by 
probing with 1:15,000 rabbit anti-mouse HRP-conjugated secondary antibody. ECL reagent was 
added and chemiluminescence was detected on X-ray film using an X-ray film processor (Konica 
Minolta, Tokyo, Japan). 
2.8.3 Native PAGE 
ZnT8c protein samples of either variant were diluted to 20 μM (measured both spectroscopically 
and spectrophotometrically with a modified Bradford assay) in 50 mM Tris/HCl, pH 8, 300 mM 
NaCl, 100 mM sucrose. Some samples were incubated for 1 h at 20oC with 20 mM beta-
mercaptoethanol, 20 mM DTT, 2 mM ZnCl2, 10 mM ZnCl2, or 20 mM EDTA; these samples are 
indicated in their respective results sections. Samples were then mixed with native sample 
buffer and separated on ice at 60 V using Novex 16% Tris-glycine precast gels (Thermo Scientific) 
with native running buffer (25 mM Tris/HCl, pH 8.3, 190 mM glycine). NativeMARK unstained 
protein standards were used as size markers.  Gels were stained using Coomassie R250.  
2.9 Bioinformatics and molecular modelling 
Primary protein sequences were compared using Clustal Omega (EMBL) and secondary structure 
predictions were carried out using Jpred 4 (Drozdetskiy et al., 2015). Homodimers of both ZnT8c 
variants (residues 267-369) were modelled with SWISS-MODEL  (Biasini et al., 2014) based on 
the 3D structure of the CTD of T. thermophilus homologue CzrB (residues 199-284, pdb IDs 3byr 
and 3byp) with two zinc ions bound. The CzrB templates both provided a primary sequence 
coverage of 79% of ZnT8c, with an identity of 19.8% (alignment given in Appendix VII). CzrB was 
chosen as the primary basis for the models rather than E. coli YiiP owing to the availability of the 
zinc-bound conformation of CzrB in the SWISS-MODEL template selection algorithm. Models 
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constructed based on YiiP and other available bacterial CDF CTDs returned similar models. 
PyMOL was used for visual representation of 3D structure.  
2.10 Statistics  
All statistical significance was assessed by unpaired Student’s t-tests using SigmaPlot 14.0 (Systat 
Software Inc).  
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3. Expression and purification of the two ZnT8 CTD variants 
Abstract 
The CTDs of the Zn-CDF family of transporters purportedly mediate protein-protein interactions, 
sense cytosolic zinc, and/or channel zinc to the transport site in the TMD. Mutations in the CTDs 
of several mammalian ZnTs cause disease. The W325R mutation in the CTD of ZnT8 increases 
diabetes risk and affects the transport function of the full-length protein. Biochemical 
characterisation of these two variant domains of ZnT8 will shed light on the effects of this 
mutation and on other members of the mammalian ZnTs. Both variants express in a 
predominantly insoluble form. Optimisation of the bacterial expression yields soluble protein, 
but a large proportion of this protein forms amyloid-like β-sheet structure. However, some 
soluble protein forms a stable dimeric conformation, as seen in the isolation of homologous 
domains in bacteria. The yield of the dimeric protein is sufficient to perform experiments to 
characterise the ZnT8c proteins.  
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3.1 Introduction 
There is no published 3D structure of a eukaryotic CDF. The current models for the structure and 
function of these proteins are based on those elucidated for prokaryotes, especially the E. coli 
Fe/Zn-CDF YiiP  (Lu et al., 2009; Lu & Fu, 2007). YiiP is formed of a TMD which shares relatively 
high identity with the mammalian ZnTs (approximately 30% identity), and a CTD for which the 
primary sequence is poorly conserved in mammals (approximately 15% identity). However, the 
overall fold of the CTD is predicted to be conserved (Fig. 1.9). The CTD of CDF proteins is 
purported to function as a metal sensor, allosterically regulating the function of the transporter 
(Lu et al., 2009). 
Sequence analysis reveals that the CTD zinc binding sites are not fully conserved in mammalian 
ZnTs, and that metal-binding cysteine motifs are present in vesicular ZnTs (Fig. 1.9;  (Parsons et 
al., 2018). This raises the question of whether the mechanistic models based on bacterial CDFs 
can be applied to the mammalian proteins. The CTDs of mammalian ZnTs also mediate protein-
protein interactions. For instance, the CTD of ZnT1 interacts with Raf-1 to activate Ras-ERK signal 
transduction (Jirakulaporn & Muslin, 2004), and modulates the activity and localisation of T-type 
calcium channels (Mor et al., 2012). Mutations in the CTDs of ZnTs are commonly linked to 
disease susceptibility in humans, including L349P in ZnT10 leading to hypermanganesemia 
(Tuschl et al., 2012), R298C in ZnT3 increasing risk of febrile seizures (Hildebrand et al., 2015), 
and several mutations in ZnT2 CTD leading to TNZD (Alam et al., 2015). Therefore, 
characterisation of these mammalian domains is of critical importance.  
The studies on full-length bacterial CDF proteins are complemented by several reports on 
isolated bacterial CDF CTDs (Hattori et al., 2007; Höfer et al., 2007; Zeytuni et al., 2012), which 
confirm that this domain forms a stable ferredoxin-like fold independent of the TMD. This 
ferredoxin-like fold is also found in a number of mammalian metalloproteins (Blindauer, 2015). 
One example is the human copper chaperone Atox1, which has been successfully expressed in 
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E. coli (Belviso et al., 2016). Therefore, it is reasonable to assume that expression of the CTD of 
ZnT8 would be possible in E. coli.  
E. coli expression strains have typically been chosen for protein expression following genetic 
modification to remove coding regions for certain proteases and to drive the metabolism of 
certain sugars. Most E. coli expression strains are ‘B’ strains, typically derived from BL21, 
therefore some characteristics are shared, such as deficiency in the Lon and OmpT proteases. 
Some mutations are designed to control how the bacteria treat the transformed DNA plasmid, 
for instance the hsdSB (rB- mB-) and dcm genotypes inactivate bacterial DNA methylation systems. 
The (DE3) phage lysogen means that the strains express the T7 RNA polymerase under the 
control of the lacUV5 promoter, which is induced by IPTG. The T7 RNA polymerase recognises 
the T7 promoter in the pET6H plasmid containing the gene of interest. This allows tight control 
over the point at which the bacteria express the protein of interest. 
The aims of this chapter are to describe the experiments that have been performed to optimise 
the recombinant expression and purification of the two common human ZnT8 CTD variants in E. 
coli.  
3.2 Methods 
3.2.1 Inclusion body production and refolding 
The pET6H-WELQ-ZnT8cR plasmid (section 2.2) was transformed using standard heat shock 
protocol into chemically competent E. coli strain BL21(DE3)pLysS and streaked on LB agar plates 
containing 100 µg/mL ampicillin. Starter cultures of 10 mL were grown in LB medium containing 
100 µg/mL ampicillin at 37 oC overnight at 200 rpm on an orbital shaker. Overnight starter 
cultures were diluted to 1 L with fresh LB medium containing 100 µg/mL ampicillin and 
incubated at 37 oC at 200 rpm until the OD600 reached 0.55. Cells were then kept at 18 oC at 200 
rpm on an orbital shaker for 30 min before protein expression was induced with 0.5 mM IPTG 
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and the cells kept at 18 oC and at 200 rpm for an additional 18 h (overnight). Cells were harvested 
by centrifugation at 6000 x g for 20 minutes, resuspended in 80 mL PBS, centrifuged again with 
the same conditions and frozen at -20oC until lysed. For lysis, cell pellet was resuspended in 8 
mL BPER lysis reagent (Thermo Scientific) containing 1 mg/ml lysozyme (Thermo Scientific), 1 
mM PMSF and 10 U/mL DNase (Thermo Scientific). Homogenate was incubated at room 
temperature for 30 min, then sonicated (Model 2000U, Ultrasonic Power Corp., +285 output, 
0.5 s-1 pulse) in an ice-water bath for 20 sec pulse and 40 sec rest for a total of 15 min, followed 
by centrifugation at 20,000 x g for 30 min at 4 oC. The pellet was washed twice with 10 mL of 20 
mM Tris/HCl, pH 8, 0.5 M NaCl, 1 mM DTT and 1% Triton X-100, and centrifuged again under the 
same conditions. Finally, the pellet was resuspended in 10 mL of 20 mM Tris/HCl, pH 8, 0.5 M 
NaCl, 1 mM DTT, and 2 mL aliquots taken. 
The purified His-WELQ-ZnT8cR inclusion bodies were resuspended in 20 mL solubilisation buffer 
(20 mM Tris/HCl, pH 8, 0.5 M NaCl, 6 M guanidium hydrochloride, 1 mM DTT) and incubated for 
1 h at room temperature. The homogenate was centrifugated at 20,000 x g for 10 min at 4oC. 
The supernatant was loaded on to 1 ml of HisPur cobalt resin (Thermo Scientific) pre-
equilibrated with solubilisation buffer. Loaded resin was washed with 20 mL of solubilisation 
buffer containing 5 mM imidazole. The buffer was exchanged to 20 mM Tris/HCl, pH 8, 0.5 M 
NaCl, 6 M urea, 1 mM DTT, 5 mM imidazole. Protein was refolded at 4oC using a linear 6-0 M 
urea gradient in 0.5 M steps in a total volume of 48 mL. Following refolding, the resin was 
washed with 20 mM Tris/HCl, pH 8, 0.5 M NaCl, 1 mM DTT, 5 mM imidazole. The refolded 
recombinant protein was eluted in five 1 mL washes with 20 mM Tris/HCl, pH 8, 0.5 M NaCl, 0.5 
M imidazole, 1 mM DTT. 
3.2.2 Small-scale expression tests 
Small-scale expression tests were carried out to optimise the soluble protein expression 
conditions. These tests were conducted with the pET6H-TEV-ZnT8c plasmids. The conditions 
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tested included various strains of E. coli, medium compositions, induction times and 
temperatures. The E. coli strains tested were BL21(DE3), BL21(DE3)pLysS, SoluBL21™, 
ArcticExpress(DE3), OverExpress™ C41, and Lemo21(DE3) (Table 2.3). Competent bacteria (all 
strains were competent when acquired) were transformed with the pET6H-TEV plasmid 
encoding ZnT8cR or ZnT8cW and incubated overnight on agar plates containing 100 µg/mL 
ampicillin. Agar plates streaked with BL21(DE3)pLysS or Lemo21 contained 35 μg/mL 
chloramphenicol in addition to 100 µg/mL ampicillin. Single colonies were picked and incubated 
in 10 mL LB medium containing the appropriate antibiotic(s) overnight at 25 oC on an orbital 
shaker at 200 rpm. Typically, 0.5 mL of these starter cultures was used to inoculate 50 mL of 
fresh LB medium in 250 mL Erlenmeyer flasks. In some expression tests this fresh LB medium 
was supplemented with 0-10 mM ZnCl2. The cultures were incubated at 30 oC until the OD600 
reached ~0.6, then transferred to an orbital shaker at the desired temperature. Cultures were 
then induced with 0.5 mM IPTG and incubated for 18-42 hours. Lemo21 cultures were 
supplemented with either 0.5 or 1 mM rhamnose at the point of induction. Bacterial pellets 
were collected by centrifugation at 3220 x g for 25 min at 4 oC. Pellets were lysed with 1 mL 
BPER lysis reagent (Thermo Scientific) containing 1 mg/ml lysozyme, 10 U/mL DNase I and 1 mM 
PMSF (all Thermo Scientific). The homogenate was incubated at room temperature for 15 min 
and then spun at 14,000 x g for 10 min at 4 oC.  
3.2.3 Double colony selection 
The SoluBL21™ E. coli strain was selected for large-scale expression of the proteins. ‘Double 
colony selection’ (Sivashanmugam et al., 2009) was used to eliminate heterogeneity in protein 
expression levels and to increase the yield of soluble protein. Four separate single colonies of 
SoluBL21™ cells transformed with either pET6H-TEV-ZnT8cR or pET6H-TEV-ZnT8cW were picked 
and grown overnight in LB-ampicillin at 25 oC at 200 rpm on an orbital shaker. Aliquots of these 
overnight starter cultures were used to prepare glycerol stocks and were stored at -70 oC. The 
cultures were used to inoculate fresh LB medium and incubated at 30 oC at 200 rpm until OD600 
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reached 0.6 and subsequently induced overnight with 0.5 mM IPTG at 16 oC at 200 rpm on an 
orbital shaker. The bacterial pellet was collected by centrifugation at 3220 x g for 25 min at 4 oC. 
The pellet was resuspended in Laemmli buffer containing 10% 2-mercaptoethanol and the total 
protein expression levels of the four colonies were analysed with SDS-PAGE. The glycerol stock 
of the colony which was judged to produce the highest level of total protein expression was used 
to streak a second agar-ampicillin plate, and the process repeated. The glycerol stocks 
containing the highest expressing colony for both ZnT8cR and ZnT8cW in this second round of 
expression tests was used as the stock for all the high-yield soluble protein preparations 
described in General Methods (section 2.3). 
3.2.4 Protease cleavage 
The pET6H-TEV-ZnT8c expression plasmids encode a TEV protease cleavage site between the 
hexahistidine tag and the ZnT8 CTD. Purified ZnT8 CTD proteins were incubated with ProTEV 
Plus (Promega) and AcTEV (Life Technologies) proteases. Triton X-100 detergent was added to a 
final concentration of 0.1% (v/v). Several different cleavage temperatures and times were tested. 
Following cleavage, samples were centrifuged at 14,000 x g for 5 min. Nickel affinity gel (Sigma-
Aldrich) was added to the supernatant and incubated for 20 min at 4 oC to bind to His-tagged 
entities. The nickel gel was isolated by centrifugation and imidazole was used to elute the 
protein from the beads. The cleavage products were then analysed by SDS-PAGE (section 2.8.1). 
3.3 Results 
3.3.1 Expression plasmids 
The open reading frames of interest of both the pET6H-TEV-ZnT8cR and pET6H-TEV-ZnT8cW 
plasmids were sequenced and the encoded protein sequences elucidated (Table 2.1, Fig. 3.1). 
Both plasmids encode 119 residue proteins containing an N-terminal hexahistidine tag followed 
by a TEV protease cleavage site (highlighted blue and green in Fig. 3.1, respectively) and residues 
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267-369 of human ZnT8. The CGT codon encoding R325 (highlighted in yellow in Fig. 3.1) was 
mutated in pET6H-TEV-ZnT8cW to TGG to encode W325 (Table 2.1).  
 
Figure 3.1. DNA and translated protein sequence of pET6H-TEV plasmid encoding 6xHis-TEV-ZnT8cR.  The 
hexahistidine tag is highlighted in cyan and the TEV protease site is highlighted in green. TEV protease cleaves after 
the Q residue, leaving a G overhang. The plasmid DNA sequence was optimised for expression in E. coli and encodes 
residues 267-369 of ZnT8. The ZnT8 R325 residue and its corresponding codon are highlighted in yellow. The 
pET6H-TEV plasmid encoding ZnT8cW was produced by replacing the highlighted “CGT” R325 codon with “TGG” 
(encoding W). 
 
The expected mass of the uncleaved proteins was 13,337 g/mol for ZnT8cR and 13,367 g/mol 
for ZnT8cW (Table 3.1). The plasmids were transformed into various E. coli expression strains 
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Table 3.1. Properties of  cleaved and uncleaved His-TEV-ZnT8c proteins, predicted using  the 
ExPASy server (Gasteiger et al., 2005).  


















ZnT8cR  13,337  11,400  5.86  5.13  8480  
ZnT8cW  13,367  11,430  5.70  4.91  13,980  
 
 
3.3.2 Inclusion body production and refolding 
Initial efforts to express ZnT8cR protein were conducted using the pET6H-WELQ-ZnT8cR plasmid 
in BL21(DE3)pLysS E. coli (section 3.2.1) using 0.5 mM IPTG induction for 18 h at 18oC. With these 
conditions, His-WELQ-ZnT8cR expressed in a predominantly insoluble form (n > 3, Fig. 3.2A). His-
WELQ-ZnT8cR inclusion bodies were prepared and solubilised using 6 M guanidium 
hydrochloride and bound to HisPur cobalt resin. Following refolding with a 6 – 0 M urea gradient, 
a small amount of ‘refolded’ His-WELQ-ZnT8cR protein was eluted from the resin in buffer 
containing 0.5 M imidazole (n = 3, Fig. 3.2B). The majority of the ZnT8cR protein only eluted from 
the resin following incubation in denaturing Laemmli buffer (n = 3, Fig. 3.2B). Far-UV CD spectra 
of the ‘refolded’ His-WELQ-ZnT8cR protein were typical of β-sheet secondary structure (n = 3, 
Fig. 3.2C). The BeStSeL algorithm confirmed that this protein was rich in β-sheet structure and 
did not contain similar secondary structure content to the CTD of the E. coli homologue YiiP (n 
= 3, Fig. 3.2D).  
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Figure 3.2. Refolding of His-WELQ-ZnT8cR expressed in inclusion bodies. A, representative (n = 3) SDS-PAGE 
analysis of His-WELQ-ZnT8cR protein expression in BL21(DE3)pLysS E. coli induced with 0.5 mM IPTG at 18oC for 
18 h. Cells were lysed with BPER lysis reagent (Thermo) containing 1mg/ml lysozyme, 10 U/mL DNase and 1 mM 
PMSF. Lane 1 contains the total protein fraction; lane 2 contains the soluble protein; lane 3 contains insoluble 
protein. Protein marker sizes are indicated on the left in kDa. B, SDS-PAGE analysis of His-WELQ-ZnT8cR protein 
refolded on HisPur cobalt beads (Thermo) using a linear 6-0 M urea gradient. Lane 1, protein eluted from the beads 
with buffer containing 500 mM imidazole. Lane 2, protein retained on the beads following elution. Protein marker 
sizes are indicated on the left in kDa. C, representative (n = 3) far-UV CD spectra of 0.2 mg/ml His-WELQ-ZnT8cR in 
20 mM Tris/HCl, 150 mM NaCl, 50 mM sucrose, pH 8. D, individual far-UV CD spectra of ‘refolded’ His-WELQ-
ZnT8cR were analysed using the fold-recognition algorithm BeStSel. YiiP secondary structure content was 
calculated from the 3D structure (PDB ID 2qfi).  
 
3.3.3 Protein expression tests 
Refolding insoluble protein from His-WELQ-ZnT8cR inclusion bodies did not produce correctly 
folded protein. To improve the yield of soluble protein expression the expression plasmid was 
changed from pET6H-WELQ to pET6H-TEV and several different conditions were tested, 
including various E. coli expression strains, medium compositions, induction times and induction 
temperatures.  
3.3.3.1 Different bacterial strains 
Western blot analysis showed that, when other conditions are kept constant, the yield of soluble 
and insoluble ZnT8c protein varies depending on the E. coli expression strain used. For instance, 
in BL21(DE3) E. coli, both ZnT8cR and ZnT8cW proteins were successfully expressed, albeit in a 
D 
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predominantly insoluble form, whereas in Arctic Express E. coli there was minimal total ZnT8cR 
expression (Fig. 3.3A). Furthermore, expression of ZnT8cR in Lemo21 E. coli incubated with 
either 0.5 or 1 mM rhamnose was minimal, whereas expression of ZnT8cW in the same strain 
showed expression of both soluble and insoluble protein (Fig. 3.3B and C, lanes 7-10). Lanes 
containing insoluble protein of both ZnT8c variants expressed in BL21(DE3) contain multiple 
bands; a strong band at 14 kDa, a second distinct band at 13 kDa and a third band at 26 kDa (Fig. 
3.3A). This pattern of bands at 13 and 14 kDa is also present in lanes containing insoluble protein 
of both ZnT8c variants expressed in C41, BL21(DE3)pLysS, and SoluBL21™ strains (Fig. 3.2B and 
C). The third band at approximately 26 kDa was also seen in lanes containing insoluble ZnT8c 
protein of both variants expressed in BL21(DE3)pLysS, and in the lane containing ZnT8cR 
insoluble protein expressed in C41 (Fig. 3.3B and C). In contrast, all lanes containing detectable 
levels of soluble ZnT8c protein of either variant contained a single band at approximately 14 kDa 
(Fig. 3.3B and C). The lanes containing soluble protein of both ZnT8c variants expressed in the 
SoluBL21™ strain had the strongest western blot signal (Fig. 3.3B and C). Therefore SoluBL21™ 
produced the most soluble ZnT8c protein for both variants under these conditions, and was used 
for high-yield protein expression of both variants throughout the research project. It is 
important to note that despite SoluBL21™ E. coli producing the highest yield of soluble ZnT8c 
protein, the majority of the ZnT8c protein was still expressed in an insoluble form (Fig. 3.3B and 
C, lane 6). Semi-quantitative analysis of the soluble protein expression levels for both ZnT8c 
variants in each tested E. coli strain used are provided in Table 3.2. 
   







Figure 3.3. ZnT8c expression tests in different bacterial strains. Bacterial cultures were grown to OD600 of 0.6 and 
then induced overnight with 0.5 mM IPTG at 16 oC and 200 rpm on an orbital shaker. Soluble and insoluble protein 
fractions were separated using SDS-PAGE, transferred to PVDF membrane and probed with an anti-His tag primary 
antibody (see General Methods). The position of Precision Plus protein standards (BioRad) are indicated on the 
left in kDa. A, lane 1 contains soluble ZnT8cR protein expressed in BL21(DE3) E. coli; lane 2 contains the insoluble 
protein fraction. Lane 3 contains soluble ZnT8cW protein expressed using the same conditions in BL21 (DE3)E. coli; 
C 
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lane 4 contains the insoluble fraction. Lane 5 contains soluble ZnT8cR protein expressed in the ArcticExpress 
bacterial strain; lane 6 contains the insoluble protein fraction. Blots of, B, ZnT8cR and, C, ZnT8cW; lane 1 contains 
soluble protein expressed in OverExpress™ C41 E. coli; lane 2 contains the insoluble protein fraction. Lane 3 
contains soluble protein expressed in BL21(DE3)pLysS E. coli; lane 4 contains the insoluble protein fraction. Lane 5 
contains soluble protein expressed in SoluBL21™ E. coli; lane 6 contains the insoluble protein fraction. Lane 7 
contains soluble protein expressed in Lemo21 E. coli using 0.5 mM rhamnose during induction; lane 8 contains the 
insoluble protein fraction. Lane 9 contains soluble protein expressed in Lemo21 E. coli using 1 mM rhamnose during 




Table 3.2. Semi quantitative analysis of ZnT8c soluble protein expression in the E. coli 
expression strains tested. 
















Lemo21 (DE3)  - ++ 
SoluBL21™  +++ ++++ 
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3.3.3.2 Induction temperature and time 
Both ZnT8c protein variants had increased expression of soluble protein when incubated 
overnight (18 h) at 16 oC compared to both 25 and 30 oC (Fig. 3.4, the difference was detected 
visually from the gels, the photograph in the figure do not show the difference clearly). A 
serendipitous discovery was that increasing the induction time for both ZnT8c variants to 42 h 





Figure 3.4. ZnT8c expression tests varying induction temperature. SoluBL21™ E. coli transformed with, A, pET6H-
TEV-ZnT8cR and, B, pET6H-TEV-ZnT8cW were induced with 0.5 mM IPTG overnight at 200 rpm at 16, 25 or 30 oC. 
Bacterial pellets were lysed with BPER reagent (Thermo Scientific) and centrifuged to separate soluble (‘Sol’) from 
insoluble (‘Ins’) material. Protein was separated on 16% SDS-PAGE gels and stained with Coomassie R250. The 
position of Precision Plus protein standards (BioRad) are indicated on the left in kDa. The presented gels are 
representative of 2 repeats (n = 2). 
 
3.3.3.3 Zn in culture medium 
Due to the predicted presence of zinc binding sites in both ZnT8c variant proteins, ZnCl2 was 
supplemented into the LB culture medium upon induction of protein expression. This expression 
A 
B 
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test was carried out using BL21(DE3)pLysS E. coli (as the beneficial effects of SoluBL21 had not 
been determined at this time). Addition of up to 10 mM ZnCl2 reduced the level of soluble 
ZnT8cR protein expression (Fig. 3.5A), but had no clear effect on the level of soluble ZnT8cW 




Figure 3.5. ZnT8c expression tests in LB medium supplemented with ZnCl2. BL21 (DE3) pLysS E. coli transformed 
with, A, pET6H-TEV-ZnT8cR or, B, pET6H-TEV-ZnT8cW, were grown to OD600 = 0.6 in unsupplemented LB medium 
and then transferred to LB medium supplemented with 0-10 mM ZnCl2. The cultures were then induced with 0.5 
mM IPTG overnight at 16 oC at 200 rpm on an orbital shaker. Soluble protein was extracted and analysed by 
western blot using an anti-His tag primary antibody. The position of Precision Plus protein standards (BioRad) are 
indicated on the left in kDa. These expression tests were not repeated (n = 1). 
 
3.3.3.4 Double colony selection 
The total protein expression of several individual colonies of SoluBL21™ E. coli transformed with 
both variants of ZnT8c was analysed by SDS-PAGE following overnight induction at 16 oC. The 
lysis buffer volume and gel loading conditions were identical for all preparations. In the first 
round of colony selection, the lanes containing lysate from colonies R2 and W2 stained strongest 
with Coomassie R250 (Appendix IX). The glycerol stocks prepared from these colonies were used 
to streak a second LB-ampicillin agar plate and the second round of colony selections carried 
out. The glycerol stock containing the highest expressing SoluBL21™ colony for each ZnT8c 
15 
  0         0.1      0.25      0.5        1          10       [ZnCl2] (mM) 
15 
  0         0.1      0.25      0.5        1          10       [ZnCl2] (mM) 
A 
B 
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variant from this second round of selection was used for all high-yield ZnT8c protein expression 
described herein. 
3.3.4 Soluble protein purification 
Highly expressing glycerol stocks of SoluBL21™ E. coli transformed with either ZnT8c variant 
were used to inoculate 2 L cultures and induced with 0.5 mM IPTG for 42 h at 16 oC at 200 rpm 
on an orbital shaker. Extraction of soluble protein required two sequential purification steps; 
affinity purification and size exclusion chromatography. The lysis procedure and buffers are 
described in General Methods (section 2.3). ZnT8cR protein from various stages of purification 
was analysed using SDS-PAGE and stained with Coomassie R250 (n = 3, Fig. 3.6A). Purification of 
ZnT8cW protein analysed with SDS-PAGE was very similar and is not shown (n = 3). The lane 
containing unpurified insoluble ZnT8cR protein contained a large band with its leading edge at 
approximately 13 kDa, whereas the soluble protein fractions in other lanes contained a more 
clearly defined band at a mass of approximately 14 kDa (Fig. 3.6A). This difference was consistent 
(n = 3) and may represent monomeric ZnT8cR (13.3 kDa theoretical size). The insoluble protein 
lane also contained two bands indicating proteins with masses of approximately 26 kDa and 33 
kDa, along with further bands with masses of > 100 kDa (Fig. 3.6A, lane 1). These bands may 
represent SDS-resistant dimeric ZnT8cR (26 kDa) as seen in figure 3.3B and C, and other insoluble 
protein(s) which were not detected with anti-His antibody (33 and >100 kDa bands not present 
in figure 3.3B and C). The flowthrough protein fraction which did not bind to the nickel resin 
contained many proteins, although there appeared to be an enriched band at approximately 14 
kDa which may correspond to ZnT8cR (Fig. 3.6A, lane 2). The imidazole elution fraction 
contained ~90% pure 14 kDa protein, however there is a faint band at approximately 26 kDa 
(likely dimeric ZnT8c) and some material did not enter the resolving gel (Fig. 3.6A, lane 5). 
Following elution from the affinity resin, ZnT8c protein was loaded onto a Superdex 75 26/60 
column as described in General Methods (section 2.3). Typical size exclusion chromatograms for 
both ZnT8c variants (Fig. 3.6B) indicated that both affinity-purified proteins consisted of two 
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forms. The major elution peaks at ~41 min coincided with the void volume of the column, 
indicated by the elution of blue dextran during calibration of the column (Fig. 3.6C). Therefore, 
this protein had a mass of at least 75 kDa due to the properties of the column. SDS-PAGE analysis 
indicated that this protein was aggregated ZnT8c (Fig. 3.6A, lane 6). Far-UV CD indicated that 
this aggregated protein had a predominantly β-sheet structure (Fig. 3.6D). Both ZnT8c variant 
proteins had a second elution peak at approximately 71 min (Fig. 3.6B), corresponding to a mass 
of 34.2 kDa. The calculated monomer mass of both ZnT8c variants was 13.3 kDa, therefore this 
protein is ~2.6x the size of monomeric ZnT8c. Following purification with size exclusion 
chromatography, both ZnT8c variant proteins were ≥ 95% pure as assessed by SDS-PAGE (Fig. 
































   




Figure 3.6. ZnT8c protein purification. A, Representative (n = 3) SDS-PAGE analysis of ZnT8cR protein purification 
steps. Lane 1 contains the insoluble protein fraction; lane 2 contains the soluble protein that did not bind to the 
Ni-resin; lanes 3 and 4 contain Ni-resin wash steps 1 and 2 respectively; lane 5 contains the elute fraction from the 
Ni-resin; lane 6 contains protein eluting from size exclusion at ~41 min in B; lane 7 contains protein eluting from 
size exclusion at ~71 min in B. The position of Precision Plus protein standards (BioRad) are indicated on the left in 
kDa. B, Typical (n > 3) size exclusion chromatograms using a Superdex S75 26/60 column of ZnT8cR (blue) and 
ZnTcW (red) proteins. Both variants had a major elution peak at ~41 min, i.e. the column void volume, and a second 
peak at ~71 min corresponding to 34.2 kDa protein. C, Semi-logarithmic plot of calibrant size used for estimation 
of ZnT8c protein size (n = 1). Calibrants used were bovine lung aprotinin (6.5 kDa), equine heart cytochrome c (12.4 
kDa), bovine carbonic anhydrase (29 kDa), chicken ovalbumin (44.3 kDa). Column void volume was identified using 
blue dextran (> 2000 kDa). D, representative (n = 3) far-UV CD spectrum of ZnT8cR protein from the ~41 min peak 
in B. Similar results were obtained for ZnT8cW samples. Far-UV analysis of the peak eluting at 41 min is described 
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3.3.5 Protein concentration determination 
Dilute size exclusion fractions were concentrated using 15 ml 3 kDa MWCO centrifugal 
concentrators (Merck Millipore; section 2.3). The concentration of pure ZnT8c protein was 
measured both spectroscopically using a Nanodrop 2000 instrument and 
spectrophotometrically using a modified Bradford assay (section 2.4;  (Zor & Selinger, 1996). The 
extinction coefficients of 13,980 M-1 cm-1 and 8480 M-1 cm-1 for ZnT8cW and ZnT8cR, respectively, 
were calculated from the primary protein sequences (Table 3.1). Following optimisation of the 
expression protocol, a typical yield of either ZnT8c variant was 0.5 mL of 200-250 μM protein; 
approximately 1 mg per L of culture.  
3.3.6 Native PAGE 
The oligomeric state of both ZnT8c variant proteins was assessed by native PAGE (section 2.8.3, 
Fig. 3.7). Calculating the Rf values for the standards and the samples indicates that for both 
ZnT8c variants, the untreated proteins had a mass of approximately 26 kDa.  
 
Figure 3.7. Both ZnT8c variants formed dimers. Native PAGE analysis (n > 3) of ZnT8cR (‘R’) and ZnT8cW (‘W’) 
indicates that both proteins had a molecular mass of approximately 26 kDa. The position of NativeMark protein 
standards (Thermo) are indicated on the left in kDa.  
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3.3.7 DTNB assay 
The two ZnT8c protein variants contain three cysteine residues at the C-terminus. Following the 
protocol outlined in section 2.3, ZnT8c protein was purified in a buffer containing reducing agent. 
To remove the reducing agent, the protein was washed using degassed buffer free of reducing 
agents (50 mM Tris/HCl, pH 8, 300 mM NaCl, 100 mM sucrose, 100 µM TCEP). DTNB assays 
indicate that immediately following this washing step, both ZnT8c variants contained three free 
sulfhydryls and confirmed that the three cysteine residues in the proteins were reduced (Table 
3.3). 
Table 3.3. DTNB assays were used to calculate the number of free sulfhydryls per ZnT8c 
monomer post purification (n = 3). 
Variant  Free S-/monomer  
ZnT8cR  2.8 ±0.3 
ZnT8cW  2.7 ±0.2 
 
 
3.3.8 C-terminal constructs 
Despite considerable optimisation of the expression conditions, the majority of ZnT8c protein 
was expressed in an insoluble form in bacteria (Fig. 3.6A), and a considerable proportion of the 
soluble protein was aggregated (Fig. 3.6B). One hypothesis was that this tendency for 
aggregation and insoluble protein production was caused by the 3 cysteine residues at the C-
terminus (C361, C364 and C368) forming various inter- and/or intra-protomer disulphide bonds 
and therefore disturbing the native protein fold. Plasmids encoding residues 267-359, 267-358 
and 267-356 of ZnT8 R325 were constructed from the pET6H-TEV-ZnT8cR backbone (section 2.2, 
Table 2.4). Expression tests conducted using BL21(DE3)pLysS E. coli (this strain was used as the 
beneficial effects of SoluBL21 were not known at this stage) induced with 0.5 mM IPTG overnight 
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at 16 oC at 200 rpm indicated that removing the region containing the cysteine residues did not 
significantly improve the expression of soluble ZnT8cR protein (Fig. 3.8). The molecular biology 
to create the plasmids, the protein expression tests, and the SDS-PAGE analysis, were all carried 




Figure 3.8. Expression tests of three ZnT8cRΔCterm constructs. BL21(DE3)pLysS E. coli transformed with pET6H-
TEV-ZnT8cRΔCterm encoding ZnT8 residues 267-358 (Δ359-369), 267-357 (Δ358-369) or 267-355 (Δ356-369), were 
grown to OD600 of 0.6 in LB medium and induced with 0.5 mM IPTG overnight at 16 oC at 200 rpm on an orbital 
shaker. Non-induced samples (NI) were grown overnight in the absence of IPTG. Total (T) protein extracted from 
the induced samples was separated into the soluble (S) and insoluble (I) fractions following cell lysis. The position 
of Precision Plus protein standards (BioRad) are indicated on the left in kDa. These expression tests were not 
repeated (n = 1). 
 
3.3.9 Protease cleavage 
The pET6H-TEV-ZnT8c plasmids encoded a TEV protease cleavage site between the hexahistidine 
tag and the ZnT8 CTD (Fig. 3.1). Several attempts were made to produce cleaved soluble ZnT8c 
protein; modifying incubation time and temperature, buffer constituents (for instance including 
0.1% (v/v) Tween-20 in the reaction buffer), and two different commercially available TEV 
proteases. Several steps from a typical protease cleavage reaction for both ZnT8c variants were 
analysed by SDS-PAGE (Fig. 3.9). Both ZnT8c variants, prior to the addition of the protease, had 
two bands with approximate masses of 14 and 22 kDa, corresponding to monomeric and a small 
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quantity of SDS-resistant dimeric ZnT8c. Following incubation of ZnT8c protein with ProTEV Plus 
protease (Promega), two additional bands with approximate masses of 50 kDa and 12.5 kDa 
appeared. The expected mass of the protease was 48 kDa, while the expected mass of the 
cleaved ZnT8c product was 11.4 kDa (Table 3.1). The presence of cleaved ZnT8c indicated that 
the proteolysis occurred. Following centrifugation of the mixture post-cleavage (Fig. 3.9A and B, 
lane 3) the band at 12.5 kDa was lost, suggesting that the ZnT8c cleavage product precipitated 
and was removed during centrifugation. There was also a significant decrease in the amount of 
protease in the solution following this centrifugation step. Nickel affinity resin was used to 
remove the uncleaved ZnT8c, cleaved hexahistidine tag, and the his-tagged TEV protease 
(section 3.2.4). However, following treatment with the resin, the solution appeared to contain 
mostly uncleaved ZnT8c monomer and dimer, similar to the ZnT8c sample prior to addition of 
protease. The elution from the affinity resin verified that this method was efficient at removing 
both uncleaved ZnT8c and the tagged protease (Fig. 3.9A and B, lane 5) from the cleavage 
reaction. Several of the lanes containing ZnT8cR protein contained an additional band at 
approximately 16 kDa (Fig. 3.9A, lanes 1-4). It is not clear what this band corresponds to, 
although such a band was not been seen on any other SDS-PAGE analysis of ZnT8c protein so 
can be assumed to be an artefact specific to this gel.   
 
 
   





Figure 3.9. ZnT8c protease cleavage. The two variant ZnT8c proteins (A, ZnT8cR, and B, ZnT8cW) were incubated 
with ProTEV™ protease for 75 min at 20 oC and subsequently purified using Ni-resin. Aliquots were taken at various 
points during the process and analysed with SDS-PAGE. Full length ZnT8c protein has an expected size of 13.3 kDa 
and the cleaved protein has an expected size of 11.4 kDa. Lane 1 contains ZnT8c protein without addition of 
protease; lane 2 contains protein post-cleavage; lane 3 contains post-cleavage protein spun at 14,000 x g for 5 min 
to remove precipitates; lane 4 contains spun protein that did not bind to Ni-resin; lane 5 contains protein eluted 
from the Ni-resin with imidazole. The position of Precision Plus protein standards (BioRad) are indicated on the 
left in kDa. These gels are representative of several repeats (n > 3). 
 
3.4 Discussion 
The CTD of ZnT8 is the location of a mutation encoding Arg replacing Trp at position 325, which 
increases the risk of developing of both type 2 (Rutter & Chimienti, 2015) and gestational 
diabetes (Ziqi Lin et al., 2018), while significantly altering the epitope recognised by 
A 
B 
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autoantibodies in type 1 diabetes (Wenzlau et al., 2008). Neither the recombinant expression of 
any mammalian ZnT CTD or the biochemical effects of this mutation on the CTD of ZnT8 have 
previously been described. Therefore, bacterial expression plasmids were designed which 
encoded the two common variants of the CTD of ZnT8 (R325 and W325, residues 267-369) and 
the expression of the two proteins was optimised. 
Initial expression tests with pET6H-WELQ-ZnT8cR indicated that this protein was predominantly 
expressed in insoluble inclusion bodies. One benefit of using recombinant proteins expressed in 
inclusion bodies is that they can be isolated in a highly pure form from E. coli without additional 
purification steps, due to the low expression level of endogenous insoluble proteins (Burgess, 
2009). His-WELQ-ZnT8cR inclusion bodies were >85% pure following washing (Fig. 3.2, A, lane 
3). Refolding the His-WELQ-ZnT8cR protein using a 6-0 M urea gradient produced a low yield of 
protein rich in β-sheet structure. Interestingly, similar CD spectra were obtained for aggregated 
soluble ZnT8c protein isolated with size exclusion chromatography (expressed using different 
plasmid and conditions, Fig. 3.6D). These data suggest that while the protein appeared to be 
misfolding during refolding (i.e. forming a non-native fold), it may have been forming a specific 
conformational state (Ventura & Villaverde, 2006). It is not known whether this protein 
conformation forms in the CTD of endogenous mammalian ZnT8. 
It is possible that optimisation of the inclusion body refolding protocol would have resulted in 
production of a higher yield of correctly folded ZnT8c protein. However, concomitant expression 
tests using the pET6H-TEV-ZnT8c plasmids indicated that these constructs enabled production 
of soluble ZnT8c protein. Therefore, the decision was taken to optimise soluble protein 
expression using the pET6H-TEV-ZnT8c plasmids, rather than continue with the pET6H-WELQ 
construct. This difference in soluble/insoluble protein expression indicates that the N-terminal 
extension chosen influences the protein folding. Therefore, while ZnT8c protein expressed using 
the pET6H-TEV plasmids was partially soluble, further alterations to the N-terminal extension 
may have greatly improved the soluble protein expression.  
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Three other parameters had significant impacts on the yield of soluble ZnT8c protein; induction 
time, induction temperature and E. coli strain. For instance, ZnT8cR did not express at all in Arctic 
Express, whereas there was relatively high yield of soluble ZnT8cR in both BL21(DE3)pLysS and 
SoluBL21™ (Table 3.2). Several of the strains tested are advertised as having been optimised for 
expression of difficult or toxic proteins through various genetic modifications (Table 2.3). For 
instance, the T7 lysozyme encoded by the pLysS plasmid in BL21(DE3)pLysS inhibits T7 RNA 
polymerase to prevent uninduced expression of the protein of interest. This prevents long-term 
build-up of toxic proteins in the bacteria, which would provide a seed for aggregation and 
precipitation of the protein of interest during the induction period. The genome of SoluBL21™ 
E. coli, the strain which produced the greatest yield of soluble ZnT8c protein, is proprietary. The 
strain is derived from BL21(DE3) and contains uncharacterised mutations selected through 
"special" selection criteria (datasheet provided in Appendix X). However, the beneficial effects 
on ZnT8c expression of a low induction temperature and a long induction time suggest that the 
unknown mutations in SoluBL21™ have a similar effect to pLysS and work to reduce the rate of 
protein expression. The mutations could also affect the expression of endogenous protein 
chaperones, which can improve folding of the recombinant protein of interest (Georgiou & Valax, 
1996).   
LB medium is a complex growth medium that contains sufficient trace elements, including zinc, 
to maintain bacterial growth (Outten & O’Halloran, 2001). While LB medium contains 
approximately 10 μM zinc, E. coli grown in LB medium accumulate approximately 200 μM total 
zinc (Outten & O’Halloran, 2001). Addition of ZnCl2 to LB culture medium did not improve the 
expression of soluble ZnT8c protein of either variant. The metal content of ZnT8c expressed in 
an insoluble form was not measured. Therefore, it may be the case that if ZnT8c does bind zinc, 
it is in a form which is outcompeted for Zn2+ by native bacterial proteins during its residence in 
E. coli. It may also be the case that binding to zinc in this environment causes ZnT8c to become 
insoluble. However, since the majority of ZnT8c was expressed in an insoluble form, had this 
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protein contained a significant amount of zinc it would be expected that this would cause zinc 
depletion in the bacteria and therefore zinc supplementation of the growth medium would have 
had a beneficial effect on protein expression, which it did not. The expression of three bacterial 
CDF CTD proteins did not require supplementation of the growth medium with zinc (Hattori et 
al., 2007; Höfer et al., 2007; Zeytuni et al., 2012), although the exact ingredients of the growth 
medium are not specified in these studies. 
SDS-PAGE analysis of the ZnT8c purification steps shows that the protein is >95% pure following 
affinity purification. However, size exclusion chromatography shows that this sample is a mix of 
aggregated ZnT8c of molecular mass ≥75 kDa, and ZnT8c with a molecular mass of 
approximately 35 kDa. The expected mass of ZnT8c is 13.3 kDa, so the protein eluting at 
approximately 71 min during SEC has an apparent mass 2.6x that of the monomer, indicating 
either dimeric or trimeric protein. However, when this fraction from either variant is analysed 
by native PAGE, the molecular mass is 26 kDa, 2.0x the predicted monomer mass, indicating that 
both ZnT8c variants form dimers. Both T. thermophilus CzrB (Cherezov et al., 2008) and M. 
gryphiswaldense MamM (Zeytuni et al., 2014) CDF CTDs elute during size exclusion 
chromatography as dimers, although there was not such a large disparity between 
actual/predicted mass for these proteins. Both native PAGE and size exclusion chromatography 
measure the size and shape of a protein (i.e. Stokes radius). Native PAGE also separates proteins 
based on charge, but both native PAGE and size exclusion chromatography were carried out at 
approximately pH 8, so both ZnT8c variants would have a uniform negative charge (>2 pH units 
above the protein pI, Table 3.1). Since the running conditions are similar, it is not clear what 
causes the difference in apparent protein mass between these two techniques. 
Despite low sequence identity, the CTDs of most human ZnTs are predicted to form a conserved 
αββαβ ferredoxin-like fold (Fig. 1.9;  (Parsons et al., 2018). Such a fold is also found in globular 
cytosolic metalloproteins, for instance in iron-sulfur cluster-containing proteins (Orme-Johnson, 
1973) and copper chaperones (Pufahl et al., 1997), indicating that the transmembrane domains 
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of the ZnTs may not be necessary for the CTDs to fold correctly and be soluble. Indeed, individual 
CTDs from bacterial CDF homologues have previously been isolated (Cherezov et al., 2008; 
Higuchi et al., 2009; Zeytuni et al., 2012). Far-UV CD data indicate that the aggregated ZnT8c 
eluting from size exclusion chromatography in the void volume is formed of predominantly β-
sheets, indicating that this protein is not forming the correct αββαβ fold. Some SDS-PAGE gels 
presented in this chapter contain a minor proportion of ZnT8c protein which forms SDS-resistant 
dimers, for instance the insoluble protein expressed with BL21(DE3)pLysS (Fig. 3.3, Lane 4), and 
soluble ZnT8c protein prior to protease cleavage (Fig. 3.9, Lane 1). In the latter case, this protein 
had been previously purified using size exclusion chromatography, indicating that over time 
ZnT8c will form these β-sheet rich structures. Interestingly, SDS-PAGE analysis of full-length ZnT8 
also indicates the presence of SDS-resistant dimers (Nicolson et al., 2009). Perhaps the 
tendencies of the isolated ZnT8 CTDs to form these β-sheet rich conformers translate to the full-
length protein.  
Despite removal of a considerable amount of aggregated protein using size exclusion 
chromatography, there is a tendency for both purified ZnT8c protein variants to aggregate and 
ultimately precipitate after approximately 2 weeks. Addition of fresh TCEP to the buffers during 
protein purification is necessary to obtain a high yield of dimeric protein. This suggests that the 
protein aggregation is, at least in part, due to self-association via the C-terminal cysteine 
residues. These cysteine residues are only conserved in the vesicular subfamily of mammalian 
ZnTs (Fig. 1.9;  (Parsons et al., 2018). Predictions of secondary structure in human ZnTs reveal 
that the C-terminal 10-12 residues are not predicted to form any secondary structure (Fig. 1.9). 
However, expression of ZnT8cR constructs missing various lengths of this unstructured C-
terminal tail (encompassing the cysteine residues), did not significantly increase the expression 
of soluble protein; the majority of the expressed protein was still insoluble. Therefore, the 
expression of ZnT8c in the insoluble fraction is not related to the cysteine residues. Interestingly, 
due to the removal of the cysteine residues, these ΔCterm constructs also do not contain one of 
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two high affinity zinc binding sites (Fig. 1.9;  (Parsons et al., 2018), although the metal binding 
characteristics of these particular protein constructs were never investigated. These constructs 
were tested very early on in the project by a separate facility (Protein Production Facility, King's 
College London) and were focussed solely on improving soluble protein yield; metal binding 
experiments were undertaken much later in the project after we had established a protocol for 
a high yield of soluble protein expression. 
ZnT8c protein concentrations were determined with direct spectroscopic measurement, based 
on theoretical extinction coefficients, or with a modified Bradford assay using BSA as the 
standard (section 2.4). Neither of these techniques provide a truly reliable measure of protein 
concentration (Knight & Chambers, 2003). For correct direct spectroscopic measurements, the 
theoretical extinction coefficient should have been confirmed experimentally, for instance using 
mass spectrometric amino acid analysis. Bradford dye binds to basic residues such as arginine 
and lysine (Bradford, 1976). Accuracy with this assay depends on the protein of interest 
containing a similar amount of these residues to the standard protein used (Knight & Chambers, 
2003). In this case BSA was used as the standard, which contains many more basic residues than 
ZnT8c, whereas a known concentration of ZnT8c (following amino acid analysis) should have 
been used as the standard. This is particularly important for ZnT8c, as the R325W mutation leads 
to a 1/8 loss of basic residues (five Lys, three Arg in ZnT8cR, five Lys, two Arg in ZnT8cW). 
The cleaved ZnT8c product (either variant) of the TEV protease reaction was insoluble and could 
not be used for downstream applications. The increased propensity of the cleaved ZnT8c 
proteins to precipitate indicates that the hexahistidine tag and/or the TEV protease site stabilise 
the His-ZnT8c proteins. The three bacterial CDF CTD homologues were all expressed with 
hexahistidine tags, and two of the three reports describe successful removal of the tag (Hattori 
et al., 2007; Höfer et al., 2007; Zeytuni et al., 2012); it is not clear whether the tag was removed 
from TM0876206–306 (Hattori et al., 2007). This suggests that cleaved ZnT8c proteins (residues 
267-369) are not stable. Residues 267-369 of ZnT8 were expressed because of the prediction of 
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these residues to form the totality of the CTD (Fig. 1.9). However, recombinant protein solubility 
can be substantially altered by the addition or removal of one or more residues. It is possible 
that removal of only a certain portion of the N-terminal region of ZnT8c would have rendered 
the cleavage product soluble. Mammalian proteins which also form a ferredoxin-like fold, such 
as the human copper chaperone Atox1 (Belviso et al., 2016), have also been successfully 
expressed in E. coli, suggesting that this type of fold is not dependent on eukaryotic post-
translational modifications. Hexahistidine tags are unlikely to alter the 3D structural 
characteristics of the bound protein of interest (Carson et al., 2007), therefore the decision was 
taken to use His-TEV-ZnT8c protein for structural investigations. However, the zinc binding 
characteristics of the His-TEV-ZnT8c protein are affected, as the hexahistidine tag binds Zn2+. 
Ideally all experiments would have been conducted using cleaved ZnT8c protein, but useful 
conclusions can still be drawn from data collected using His-ZnT8c protein.  
In conclusion, the recombinant expression and purification of the two common variants of the 
CTD of human ZnT8 in bacteria has been optimised. This work was the underpinning of the first 
published account of the isolation of any mammalian ZnT CTD. Despite large optimisations, such 
as choosing the correct E. coli strain and induction conditions, and small optimisations, such as 
selecting highly-expressing colonies with double colony selection, the majority of the ZnT8c 
protein was still expressed in an insoluble form. A considerable portion of the purified soluble 
ZnT8c protein was formed of misfolded aggregates and needed to be further processed to purify 
the dimeric protein. These limitations on yield were not shared by the bacterial homologues 
isolated elsewhere. However, sufficient soluble protein was produced to characterise various 
structural and functional characteristics of the diabetes-risk and diabetes-protective ZnT8c 
protein variants. 
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4. Structural features of the two ZnT8 CTD variants 
Abstract 
The ferredoxin-like fold formed by the bacterial CTDs is predicted to be conserved in ZnT8c. The 
bacterial CTD proteins form V-shape dimers which are stabilised by dimerisation contacts in a 
loop between sheet β2 and helix α2. The corresponding loop in ZnT8c contains residue 325. This 
chapter shows that both ZnT8c variants likely form the ferreodoxin-like fold and form stable 
dimers. Residue 325 affects both dimer formation and stability. Fluorescence measurements 
indicate that W325 is solvent accessible. The results presented in this chapter begin to provide 
the molecular basis for the altered diabetes risk caused by the full-length ZnT8 proteins.  
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4.1 Introduction 
The CTD of the CDF family purportedly senses cytosolic zinc, channels zinc to the transport site 
in the TMD, and mediates protein-protein interactions. In addition to the elucidation of the 3D 
structure of the full-length E. coli YiiP, the structures of three bacterial CDF CTDs have been 
elucidated independently of the TMD. These structures, along with structural predictions of the 
mammalian ZnTs, indicate that the ferredoxin-like fold of the CTD is largely conserved. This fold 
is also found in many other metal-binding domains, albeit with the metal-binding sites in 
different locations (Blindauer, 2015). In the bacterial CDF CTDs, one of the two conserved zinc-
binding sites is formed of ligands from both CTD protomers in the dimer. Occupancy of this inter-
protomer binding site with Zn2+ provokes a conformational change in the transporter, allowing 
zinc transport to occur (Lu et al., 2009). The mammalian ZnTs are thought to function with the 
same general transport mechanism, utilising a proton gradient to drive Zn2+/H+ antiport, as 
shown for ZnT1 (Shusterman et al., 2014). However, the inter-protomer zinc binding site is not 
conserved in mammalian ZnTs (Fig. 1.9), suggesting that the role of the CTD is different to that 
in bacteria. 
The CTD is the location of several disease-causing mutations in human ZnTs, including L349P in 
ZnT10 leading to hypermanganesemia (Tuschl et al., 2012), T288S in ZnT2 leading to transient 
neonatal zinc deficiency (Alam et al., 2015), R298C in ZnT3 leading to febrile seizures (Hildebrand 
et al., 2015), and W325R in ZnT8 increasing risk of developing both type 2 (Rutter & Chimienti, 
2015) and gestational diabetes (Ziqi Lin et al., 2018). The W325R mutation alters the zinc 
transport function of ZnT8, although exactly how the mechanism is altered is not clear; specific 
liposome compositions were required to reveal transport differences between the two ZnT8 
variants (Merriman et al., 2016), while no difference in transport was detected between the two 
ZnT8 variants expressed in X. laevis oocyte assays (Carvalho et al., 2017). The W325R mutation 
in ZnT8 also affects autoantibody specificity in type 1 diabetes (Wenzlau et al., 2008), indicating 
that the structural conformation of ZnT8 CTD is altered by the mutation. 
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The first aim of this chapter is to assess the similarities and differences between the mammalian 
and bacterial CDF CTDs. The second aim is to elucidate the biochemical effects of the W325R 
mutation on the CTD of ZnT8. For instance, the overall fold of the CTD is not likely to be affected, 
but the presence of residue 325 in the dimer interface site may affect dimerisation of the 
proteins. 
4.2 Methods 
4.2.1 Nano differential scanning fluorimetry (nDSF) 
Protein thermal stability was also measured using nDSF, which utilises intrinsic protein 
fluorescence to follow denaturation events. Apo-protein samples were diluted to 5 µM in 10 
mM Tris/HCl, pH 8, 60 mM NaCl, 20 mM sucrose, 2 mM DTT and loaded into nDSF-grade 
standard capillaries (NanoTemper Technologies, Munich, Germany). The ratio of fluorescence 
emission intensities at 330 and 350 nm was measured between 20-85 oC with a heating rate of 
1 oC min-1 using a Prometheus NT.48 instrument (NanoTemper Technologies). The protein 
melting temperatures were calculated from the first derivative of the 350/330 nm ratio. 
4.2.2 Microscale thermophoresis (MST) 
MST uses the relative movement of molecules in a temperature gradient to measure a change 
in hydration shell of those molecules with a titration of an interactant, and thus measures the 
affinity of the interaction. Protein samples of 20 µM were labelled with amine-reactive Monolith 
NT.115 labelling kit Red-NHS (#MO-L001; NanoTemper Technologies) according to the 
manufacturer’s instructions. Labelled protein was diluted to 100 nM in 10 mM potassium 
phosphate, pH 8, 60 mM NaCl, 20 mM sucrose, 100 µM TCEP, 1 mM EDTA, 0.05% (v/v) Tween-
20. Homodimerisation affinities were measured using a Monolith NT.115 instrument 
(NanoTemper Technologies) by titrating labelled ZnT8cR with 180 µM – 5.5 nM unlabelled 
ZnT8cR, and labelled ZnT8cW with 124 µM – 3.8 nM unlabelled ZnT8cW. All experiments were 
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conducted at 25 oC in standard-coated capillaries (NanoTemper Technologies). Binding affinities 
were calculated with MO.Affinity Analysis software (NanoTemper Technologies). 
4.2.3 Protein fluorescence 
Tryptophan fluorescence measurements were taken using an LS50 fluorimeter (PerkinElmer, 
Waltham, MA, USA), using an excitation wavelength of 295 nm, an emission range of 300-400 
nm and a scan rate of 100 nm min-1. Both excitation and emission slit widths were 2.5 nm. To 
block the cysteine residues of some samples, they were incubated with maleimide as described 
in General Methods (section 2.6). Protein samples were diluted to 1-3 µM in 10 mM HEPES, pH 
8, 60 mM NaCl, 20 mM sucrose. The 2 mL samples were measured in 4 mL plastic fluorescence 
cuvettes. Protein samples were titrated with up to 3 molar equivalents of ZnCl2. Emission spectra 
for 3 µM N-acetyl-DL-tryptophan were collected in 50 mM Tris/HCl, pH 8, 300 mM NaCl. Spectra 
were corrected for Raman scattering and dilution. 
Protein fluorescence quenching was carried out using both potassium iodide and acrylamide. 
Both ZnT8 CTD variants were diluted to 2.4 µM in 10 mM HEPES, pH 8, 60 mM NaCl, 20 mM 
sucrose and the fluorescence measured as above. Potassium iodide stock was prepared in water 
and titrated into protein samples between 0-40 mM. Spectra were corrected for dilution and 
Raman scattering. Data were fit to the Stern-Volmer equation: 
I0
I
= 1 + k. τ. [Q] 
 where I0 and I represent the fluorescence intensity in the absence and presence of a given 
concentration of a quenching agent, Q, while τ is the lifetime of the fluorophore, and k is the 
bimolecular quenching rate constant. The product k.τ is the Stern-Volmer constant, denoted Ksv.  
To detect dityrosine bonds, measurements were taken with an excitation wavelength of 325 nm 
and an emission range of 330-500 nm. ZnT8c samples were diluted to 7 μM in 10 mM HEPES, pH 
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8, 60 mM NaCl, 20 mM sucrose. L,L-dityrosine dihydrochloride was diluted to 1 μM in 1 M 
Tris/HCl, pH 8, and used as a positive control. 
4.2.4 15N labelled protein expression 
To produce labelled protein, the bacteria were grown in a defined medium in which the only 
source of nitrogen was provided by a pure source of 15N. As both ZnT8 CTD proteins are expected 
to bind metal, it was also important to control the metal content of the growth medium. 
Preparing such a complex medium requires the constituents to be added in a certain order to 
avoid precipitation, particularly of the metals. Initially, 1.8 L of 50 mM Na2HPO4, 50 mM KH2PO4, 
50 mM 15NH4Cl, pH 8.1, was prepared and autoclaved. The following constituents were sterile-
filtered and added under sterile conditions in order; 5 mM Na2SO4, 2 mM MgSO4, 1 mM sodium 
citrate, 1x metals mix (final concentration: 170 µM EDTA, 30 µM FeCl3, 3 µM ZnCl2, 0.74 µM 
CuCl2, 0.77 µM CoCl2, 1.62 µM H3BO3), 0.4% glycerol, 0.05% D-glucose, 0.01% α-lactose, 1x basal 
medium eagle (BME) vitamins (Sigma). Addition of 1 mM citrate to the medium prevented the 
precipitation of the metals and had a marked impact on the expression of ZnT8c protein. The 
medium was then made up to 2 L with autoclaved ≥ 18.2 MΩ.cm water. A 10 mL LB-ampicillin 
starter culture was incubated overnight at 25 oC at 200 rpm on an orbital shaker. This was added 
to the autoinduction growth medium and the culture incubated in four 1 L Erlenmeyer flasks at 
16 oC and 200 rpm on an orbital shaker for 72 hours. Purification of the labelled proteins was 
carried out as described in General Methods (section 2.3). 
4.2.5 NMR spectroscopy 
ZnT8cW NMR sample contained 150 µM 15N-labelled apo-protein in 95% H2O/5% D2O in 50 mM 
Tris/HCl, pH 8, 300 mM NaCl, 100 mM sucrose, 2 mM TCEP, 1 mM EDTA. ZnT8cR NMR sample 
contained 100 μM 15N-labelled apo-protein in 95% H2O/5% D2O in 50 mM Na2HPO4, pH 8, 150 
mM NaCl. The ZnT8cR 15N-labelled NMR sample was prepared by the Protein Production Facility 
(King's College London). [1H,15N]-HSQC spectra were collected at 298 K using a 600 MHz NMR 
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spectrometer. All NMR spectroscopy was conducted by collaborators at the NMR Facility (King's 
College London, UK; director Prof. Sasi Conte). 
4.2.6 Protein crystal screens 
Several attempts were made to crystallise both variants of the two ZnT8 CTD variants. Between 
1.5-7.5 mg/mL protein of either variant was prepared in 50 mM Tris/HCl, pH 8, 300 mM NaCl, 
100 mM sucrose, 2 mM TCEP. Protein was mixed in 1:2, 1:1 and 2:1 ratios with crystal screen 
buffers and robotically pipetted into 96-well 3-drop crystallisation plates (sitting-drop method). 
The corresponding buffer was added to each 96-well reservoir and the plates incubated at 18 oC. 
The screens used were JCSG-plus, Morpheus I and II, Proplex, Clear Strategy Screen I and II, 
Structure Screen I and II, PACT premier, Shotgun, MIDAS, H&L Chain, MemGold, and The PGA 
Screen, all from Molecular Dimensions (Newmarket, UK). Crystal formation was monitored 
regularly using light microscopy.  
4.2.7 X-ray crystallography 
Crystals formed were mounted in a loop and flash-cooled for storage in liquid nitrogen. X-ray 
diffraction data were collected at the i03 beamline at Diamond Light Source (Oxford, UK). The 
crystal monitoring, isolation, transfer to Diamond and X-ray diffraction were all carried out by 
collaborators at the University of Bath (UK; principal investigator Prof. Ravi Acharya).  
4.3 Results 
4.3.1 Far-UV CD 
The secondary structure of the two ZnT8c variants was investigated using far-UV CD 
spectroscopy. The two variants yielded similar spectra (Fig. 4.1A). There were no significant 
differences in the spectra when the two ZnT8c variants were incubated with two molar 
equivalents of either Zn2+ or Ni2+, or when the sample buffer contained 60 mM KCl instead of 60 
mM NaCl. The fold-recognition algorithm BeStSel (Micsonai et al., 2015) was used to estimate 
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the average (n ≥ 3) secondary structure content of the two ZnT8c variants; there was no 
significant difference between the secondary structure content of the two variants (Fig. 4.1B). 
The two variants also contained similar secondary structure to the E. coli homologue YiiP, 







Figure 4.1. Far-UV CD analysis of ZnT8c secondary structure. A, representative (n = 3) far-UV CD spectra of 0.2 
mg/ml apo-ZnT8cR (blue) and apo-ZnT8cW (red) variants in 10 mM K2HPO4, 60 mM NaCl, 20 mM sucrose, pH 8. 
Far-UV CD spectra for either variant measured in the presence of either two molar equivalents of Zn2+or Ni2+, or 
with KCl replacing NaCl, were not significantly different from those of the apo-proteins. B, individual far-UV CD 
spectra for both ZnT8c variants were analysed using the fold-recognition algorithm BeStSel. YiiP secondary 
structure content was calculated from the 3D structure (PDB ID 2qfi). The differences in secondary structure 
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4.3.2 Near-UV CD  
Protein near-UV CD signal between 240-300 nm is largely contributed by the π-π* transition of 
the aromatic amino acids; Phe between 250-268 nm, Tyr between 270-280 nm, and Trp between 
280-295 nm (Strickland, 1974). Signal of these residues can have both negative and positive 
amplitude, meaning that delineating individual near-UV CD spectra can be difficult. The exact 
wavelength position and signal intensity is influenced by the local environment surrounding the 
residue, including hydrogen bonding and hydrophobicity (Strickland, 1974). His-TEV-ZnT8cR 
contains four Tyr, two Phe, and one Trp residue; His-TEV-ZnT8cW contains an extra Trp. 
Subtraction of the apo-ZnT8cR near-UV spectrum from that of apo-ZnT8cW revealed a single 
negative peak at approximately 285 nm (Fig. 4.2), within the expected range for Trp residues.  
 
 
Figure 4.2. Near-UV CD of the two ZnT8c variants. Representative (n = 3) near-UV CD spectra of 0.4 mg/ml apo-
ZnT8cR (blue) and apo-ZnT8cW (red). Subtracting the ZnT8cR spectra from that of ZnT8cW estimates the signal of 
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4.3.3 ZnT8c native PAGE 
Native PAGE analyses (section 2.8.3) indicate that both apo-ZnT8c variants formed dimers with 
a mass of 26 kDa (Fig. 4.3). Treatment of both ZnT8c variants with reducing agents did not cause 
a significant change in molecular mass (Fig. 4.3); therefore, both ZnT8c protein variants formed 
stable dimers independent of any disulphide bonds. There was no change in protein mass when 
the ZnT8c proteins were incubated with an excess of ZnCl2 or EDTA (Fig. 4.3), indicating that 
ZnT8c proteins formed stable dimers independent of zinc status. However, presence of high 
molecular mass ZnT8c protein in the presence of excess zinc indicates that there was an 
increased propensity for ZnT8c proteins to aggregate in the presence of excess Zn2+ (Fig. 4.3). 
Incubation of the two ZnT8c variants with an excess of EDTA did not affect their molecular mass, 
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Figure 4.3. Effect of reducing agents and Zn2+ on the native state of ZnT8c. Samples containing, A, 20 μM ZnT8cR 
or, B, 20 μM ZnT8cW, were incubated with the indicated treatment for 1 hour at 21 oC. Protein was then separated 
using non-reducing and non-denaturing (i.e. native) PAGE and stained with Coomassie R250. Lane 1 contains 
untreated ZnT8c protein; lane 2 contains protein treated with 20 mM 2-mercaptoethanol; lane 3 is empty; lane 4 
contains protein treated with 20 mM DTT; lane 5 contains protein treated with 2 mM ZnCl2; lane 6 contains protein 
treated with 10 mM ZnCl2; lane 7 contains protein treated with 20 mM EDTA.  
 
4.3.4 ZnT8c dimerisation is affected by residue 325 
The homodimerisation affinities of the two ZnT8c variants in the presence of EDTA were 
measured using MST (Fig. 4.4). Apo-ZnT8cW homodimers associated with significantly tighter 
affinity (1.8 ± 0.1 µM) than apo-ZnT8cR homodimers (4.3 ± 1.3 µM; n = 3, p = 0.034). 
Measurements of ZnT8c homodimerisation affinity in the presence of two molar equivalents of 
Zn2+ using MST yielded aberrant results, suggesting that the protein solution was heterogeneous 
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Figure 4.4.  Dimerisation of the two human ZnT8 CTD variants. Representative (n = 3) microscale thermophoresis 
(MST) traces for dimerisation of ZnT8c proteins. Fluorescently labelled apo-ZnT8cR (100 nM, magenta circles) was 
titrated (in the presence of 1 mM EDTA) with unlabelled apo-ZnT8cR protein (180 µM-5.5 nM), yielding a 
homodimerisation Kd of 4.3 ± 1.3 µM. Fluorescently labelled apo-ZnT8cW (100 nM, teal triangles) was titrated (in 
the presence of 1 mM EDTA) with unlabelled apo-ZnT8cW protein (124 µM-3.8 nM), with a homodimerisation Kd 
of 1.8 ± 0.1 µM. There was a significant difference between the homodimerisation Kd of each variant in the 
presence of EDTA (n = 3, p = 0.034).  
 
4.3.5 Dityrosine fluorescence 
Dityrosine bonds in the CTDs of full-length ZnT3 and ZnT4 homodimers have been detected 
(Salazar et al., 2009). ZnT8c proteins contain a single tyrosine residue, although its location is 
not conserved with those involved in ZnT3/4 homodimerisation. Dityrosine bonds exhibit a 
strong fluorescence emission when excited using 325 nm, whereas tyrosine alone does not (Fig. 


































   




Figure 4.5. ZnT8c dimers do not contain a dityrosine bond. A, using an excitation wavelength of 325 nm, 1 μM 
dityrosine dihydrochloride (dashed line) emitted strongly at approximately 410 nm, whereas 1 μM L-tyrosine (solid 
line) did not. B, a 7 μM sample of ZnT8cR did not elicit the strong emission indicative of a dityrosine bond.  Similar 
results were obtained using ZnT8cW (Appendix XI).  
 
4.3.6 Protein thermostability 
Both CD spectroscopy and nano differential scanning fluorimetry (nDSF) were used to 
investigate the melting characteristics of the two ZnT8c variants. In CD thermostability 
experiments, the change in signal at 222 nm measures the loss of secondary structure as a 
function of temperature. In nDSF experiments, the intrinsic protein fluorescence emission at 330 
nm is presumed to represent fluorescent residues in folded protein, whereas emission at 350 
nm represents unfolded (or denatured) protein. The ratio of these emission intensities measures 
protein structural changes as a function of temperature. Both techniques showed that, in the 
absence of Zn2+, ZnT8cR was significantly more thermostable than ZnT8cW (Fig. 4.6, Appendix 
XII); apo-ZnT8cR Tm was 42.8 ± 0.5 oC, whereas the apo-ZnT8cW Tm was 41.4 ± 0.4 oC (n = 3, p = 
0.013). In the presence of two molar equivalents of Zn2+, both ZnT8c variants were significantly 
more thermostable than their apo forms; 2Zn-ZnT8cR Tm was 54.5 ± 2.1 oC and 2Zn-ZnT8cW Tm 
was 51.0 ± 1.8 oC (n = 3, p = <0.001 for both). There was no statistically significant difference 
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no significant change in melting temperature when either ZnT8c variant was incubated with two 





Figure 4.6. Thermostability of the two ZnT8c variants. Representative (n ≥ 3) melting curves between 6-92 oC 
measuring the change in CD at 222 nm for, A, apo-ZnT8cR (magenta circles, Tm = 42.8 ± 0.5 oC) and 2Zn-ZnT8cR 
(teal triangles, Tm = 54.5 ± 2.1 oC) and, B, apo-ZnT8cW (red circles, Tm = 41.4 ± 0.4 oC) and 2Zn-ZnT8cW (green 
triangles, Tm = 51.0 ± 1.8 oC). The difference in Tm measured using CD between the two apo-ZnT8c proteins was 
statistically significant (n = 3, p = 0.013).  There was a significant difference in Tm between both apo-proteins and 
their zinc-bound counterparts (n = 3, p = <0.001 for both). The difference in Tm between the two zinc-bound ZnT8c 
proteins was not statistically significant (n = 3, p = 0.093). There was no significant change in Tm when the proteins 
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4.3.7 Tryptophan fluorescence 
ZnT8cW contains two tryptophan residues (W306 and W325), whereas ZnT8cR contains one 
(W306). Using an excitation wavelength specific to tryptophan (295 nm), and protein samples 
of the same concentration, the emission spectrum of ZnT8cR can be subtracted from that of 
ZnT8cW to give the emission spectrum of W325 specifically. The wavelength of maximal 
emission (λmax) for apo-ZnT8cR (and therefore W306) was 342 nm and for apo-ZnT8cW was 345 
nm, whereas that of W325 specifically was 352 nm (Fig. 4.7). The solvent accessibility of a protein 
tryptophan residue can be elucidated using the relative blue-shift from the λmax of free 
tryptophan. The λmax of N-acetyl-DL-tryptophan in the same buffer was 363 nm. Therefore, in 
apo- and Zn2+-bound ZnT8cW, W325 is more solvent accessible than W306.  
 
 
Figure 4.7. Tryptophan fluorescence of the two ZnT8c variant proteins. Representative (n = 3) fluorescence 
emission spectra (excitation = 295 nm) for apo-ZnT8cW (red, λmax = 345 nm) and apo-ZnT8cR (blue, λmax = 342 nm) 
samples diluted to 1.2 μM in 10 mM HEPES, pH 8, 60 mM NaCl, 20 mM sucrose.  ZnT8cW contains two tryptophan 
residues (W306 and W325), whereas ZnT8cR contains one (W306). Subtracting the fluorescence emission 
spectrum of ZnT8cR from ZnT8cW therefore gives the fluorescence emission of W325 specifically (green, λmax = 
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4.3.8 Tryptophan fluorescence quenching 
The effects of a quencher on the fluorescence of a protein tryptophan residue can give 
information on the local environment of the tryptophan. Iodide ions do not penetrate the 
protein fold due to the charge and large hydration shell, and therefore quench surface 
tryptophan residues (Lehrer, 1971). The strength of quenching by iodide is related to the charge 
environment of the tryptophan residue. The Stern-Volmer constant (Ksv) is a measure of the 
accessibility of the tryptophan to the quencher; higher Ksv values indicate greater accessibility. 
When quenched with iodide, both ZnT8c variants elicited a biphasic response, denoted Ksv1 and 
Ksv2 (Fig. 4.8). There was no difference in Ksv1 or Ksv2 between the two ZnT8c variants when 
quenched with iodide in a buffer containing 300 mM NaCl (Table 4.1). Iodide quenching Ksv1 
values for both ZnT8c variants were reduced in the presence of 2 M NaCl (Table 4.1). The 
quenching of N-acetyl-DL-tryptophan by iodide was not affected by changing the ionic strength 
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Figure 4.8. Tryptophan fluorescence quenching. Representative (n = 3) Stern-Volmer plots of 1.2 μM, A, ZnT8cR 
or, B, ZnT8cW in 10 mM HEPES, pH 8, 300 mM NaCl, 20 mM sucrose titrated with potassium iodide (black). 
Quenching of both protein variants is biphasic, indicating a charged environment surrounding the quenched Trp 
residue. Increasing the ionic strength of the reaction buffer from 300 mM NaCl to 2 M NaCl decreased the initial 
quenching component (red). The gradient of the trend lines give the Stern-Volmer constants (Ksv). Ksv values for 
both ZnT8c variants quenched with iodide in buffers of different ionic strength are summarised in Table 4.1.  
 
Table 4.1. Iodide quenching of ZnT8c. 
Sample  Ionic strength  Stern-Volmer constant (M-1)  
N-acetyl-DL-tryptophan  300 mM  11.2  
ZnT8cR  300 mM   Ksv1 = 28.9 
Ksv2 = 7.0  
ZnT8cW  300 mM  Ksv1 = 28.6 
Ksv2 = 7.5  
N-acetyl-DL-tryptophan  2 M  11.3  
ZnT8cR  2 M  Ksv1 = 21.3 
Ksv2 = 5.5  
ZnT8cW  2 M  Ksv1 = 22.8 
Ksv2 = 7.0  
 
B 
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4.3.9 Minimal medium expression 
ZnT8c protein of either variant expressed using the autoinduction protocol in minimal medium 
had a different oligomeric profile to the proteins expressed using IPTG induction in LB medium. 
Typical size exclusion chromatograms of either ZnT8c protein expressed in LB medium with IPTG-
induction (Fig. 3.6B) contained major protein peaks at ~41 minutes (i.e. the column void volume) 
and at ~71 minutes (dimeric ZnT8c). However, size exclusion chromatograms of ZnT8cW 
expressed in minimal medium using autoinduction contained elution peaks at 41, 65, 71 and 77 
minutes (Fig. 4.9). The peaks at 65, 71 and 77 minutes correspond to proteins of masses 59.6, 
36.2 and 21.1 kDa; 4.5, 2.7 and 1.6 times larger than the expected mass of ZnT8cW of 13.3 kDa, 
respectively. The elution profiles of ZnT8cR protein expressed in minimal medium showed 
similar results. Addition of 1 mM sodium citrate prior to addition of the metal solution to the 
minimal medium prevented the production of precipitates in the medium and significantly 
increased the yield of soluble, dimeric ZnT8c (Fig. 4.9, 71 min elution peak). The purpose of the 
citrate was to buffer the supplemented metals. 
 
Figure 4.9. Size exclusion chromatograms of affinity-purified ZnT8cW protein expressed using autoinduction 
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defined in Materials and Methods, section 4.2) with (solid line) and without (dashed line) the addition of 1 mM 
sodium citrate. Both samples have a peak at ~41 min, i.e. the column void volume, a small peak at ~65 min, a major 
peak at 71 min, and a major peak at 77 min. The peaks at 65, 71 and 77 min correspond to protein of 59.6, 36.2 
and 23.1 kDa respectively. The expected size of monomeric ZnT8cW is 13.3 kDa. A similar elution profile was 
produced by ZnT8cR protein expressed using the same autoinduction expression protocol with 1x metals and 1 
mM sodium citrate. The calibration of the size exclusion column is presented in Fig. 3.6, C.  
 
4.3.10 NMR HSQC 
The optimised autoinduction protocol for protein expression was used to produce 15N-labelled 
ZnT8c proteins. The [1H-15N] HSQC spectra revealed that both ZnT8c proteins are structured 
proteins (Fig. 4.10). However, the protein concentration (approximately 100 µM ZnT8cR and 150 
µM ZnT8cW, both determined spectroscopically) and stability were not sufficient to allow 
further experimentation to enable assignment of specific residues. The stability of the proteins 
reduced when the temperature was increased from 274 to 298 K to run the spectroscopy scans 
(section 4.2.5). Overlay of the HSQC spectra of the two 15N-labelled proteins showed that many 
of the resolved peaks for ZnT8cR are shifted in the spectra of ZnT8cW. However, it is not clear 
whether this is significant as the proteins were measured in different buffers. Tryptophan 
residues are typically found at a 1H shift of ≥10 ppm and a 15N shift of ≥128 ppm. The peak at 1H 
10 ppm, 15N 128 ppm likely corresponds to W325 (Fig. 4.10).  
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Figure 4.10. [1H-15N] HSQC spectra of ZnT8c proteins.  15N-labelled sample of 100 μM ZnT8cR (blue) in 50 mM 
Na2HPO4, pH 8, 150 mM NaCl, and 150 μM ZnT8cW (red) in 50 mM Tris/HCl, pH 8, 300 mM NaCl, 100 mM sucrose, 
2 mM TCEP, 1 mM EDTA. Both proteins were prepared in 95% H2O/5% D2O.  Assignment of peaks to specific 
residues was not possible. As the proteins were measured in different buffers (both n = 1), the spectral differences 
seen in this figure may not be significant.  
 
4.3.11 Crystal screens 
Crystal screens were set up on several different occasions with 1.5-7.5 mg/ml of either ZnT8c 
variant in combination with hundreds of conditions (section 4.2.6). The majority of the 
conditions resulted in either clear liquid or light precipitate, indicating that the protein 
concentration was lower than the optimum. However, three conditions resulted in protein 
crystals, all with 3 mg/ml ZnT8cR. The first was produced in the JCSG F1 screen in 100 mM MES, 
pH 6.5, 50 mM CsCl, 30% (v/v) Jeffamine M-600. This oblong crystal was relatively large at 
approximately 80 x 20 µm (Fig. 4.11). No diffraction was detected with this crystal, even after 
carrying out grid scans (Appendix XIII). Grid scans shoot a series of points to find the optimum 
area of the crystal for diffraction. The second and third crystals were produced in the Heavy and 
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crystals were much smaller than the first, measuring approximately 5 x 5 µm with square 
morphology (Appendix XIV), and no diffraction was detected using grid scans. As no ZnT8c 
protein crystal diffracted under X-ray analysis, it cannot be confirmed that the crystals were 
protein rather than salt. If the crystals were protein, the fact that they did not diffract suggest 
that the crystals contained some internal disorder. 
 
 
Figure 4.11. ZnT8cR protein crystal. Oblong crystal (red cross) measured approximately 80 x 20 was yielded from 
3 mg/ml ZnT8cR in 100 mM MES, pH 6.5, 50 mM caesium chloride, 30% (v/v) Jeffamine M-600. No ZnT8cR crystals 
diffracted, therefore it could not be confirmed that this was a protein crystal rather than salt. Screens set up with 
ZnT8cW did not yield any crystals. 
 
4.4 Discussion 
The purported mechanism of action of the 10 mammalian ZnTs is based on that elucidated for 
ZnT1 (Shusterman et al., 2014) and their bacterial homologues (Lu et al., 2009). Induced 
conformational changes cause alternate opening and closing of the transporter and hence 
Zn2+/H+ antiport to occur (Lu et al., 2009). The amino acid ligands forming the transport site in 
the TMD of the transporters provides selectivity for one divalent metal ion over another (Hoch 
et al., 2012). The CTD of E. coli YiiP acts as a metal sensor, allosterically regulating the function 
of the transporter by linking the cytosolic free Zn2+ concentration and subsequent occupancy of 
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the CTD zinc sites with exporter function (Lu et al., 2009). There is significant sequence 
conservation in the TMD from bacteria to mammals, whereas the CTD is much more variable 
(~15% identity). For instance, the location of the zinc binding site in the TMD is conserved, but 
the sites in the CTD are only partially conserved. Additionally, there are several amino acid motifs 
distinct to subsets of the mammalian ZnTs which are functionally significant. The diabetes-risk 
W325R mutation in the CTD of ZnT8 affects the transport kinetics of the full length transporter 
when reconstituted in liposomes formed of certain lipid mixtures (Merriman et al., 2016). The 
two major aims of this project were, firstly, to investigate the similarities between the bacterial 
and mammalian CTDs, and secondly, elucidate the biochemical effects of the diabetes-risk 
W325R mutation in ZnT8. 
Predictions of the secondary structure of the CTDs of most mammalian ZnTs suggest that the 
ferredoxin-like fold elucidated for E. coli YiiP and other bacterial CDF CTDs is largely conserved. 
Indeed, far-UV CD spectra confirm that both ZnT8c variants form such a mixed α/β structure, 
and the secondary structure is not significantly affected upon zinc binding. The ferredoxin-like 
fold was originally identified in iron-sulphur cluster containing proteins (Orme-Johnson, 1973), 
and has since been found in other metal binding proteins including copper chaperones such as 
yeast Atx1 (Pufahl et al., 1997). The metal binding domains of bacterial and plant zinc-
transporting ATPases also form ferredoxin-like folds (Blindauer, 2015).  
Dimerisation of YiiP is necessary for its function as a zinc transporter. The dimer is stabilised by 
the “charge-interlock”, a salt bridge formed between Lys77, located in a loop between TMII and 
TMIII, and Asp207 located in the CTD (Fig. 1.2D;  (Lu et al., 2009). These residues are conserved 
(or rather, the charge is conserved, with Arg replacing Lys77 and Glu replacing Asp207) in ZnT8 
and the other vesicular ZnTs, but isolated CTDs lacking the TMD necessarily cannot be stabilised 
by this mechanism. Native-PAGE and size exclusion chromatography analyses indicate that both 
ZnT8c apo-proteins form stable dimers in the absence of this charge-interlock, and that the 
dimerisation is neither dependent on disulphide formation or presence of divalent metal ions. 
   
Douglas Parsons | 110  
 
Similarly, the apo-CTDs of both T. thermophilus CzrB and M. gryphiswaldense MamM elute as 
dimers during size exclusion chromatography, and their 3D structures show that the proteins 
are dimeric in the absence of zinc (Cherezov et al., 2008; Zaytuni et al., 2014). The presence of 
monomeric ZnT8c was only observed during purification of protein expressed using 
autoinduction in minimal medium (Fig. 4.9), and was not confirmed with further experiments. 
Why a small amount of ZnT8c protein would be monomeric under these conditions but not with 
IPTG induction in LB medium is not clear. However, disulphide bond formation, dityrosine bond 
formation and metal binding have all been ruled out as responsible for ZnT8c dimer formation. 
Therefore, it is possible that this monomeric ZnT8c protein is not folded correctly, and thus could 
not form the necessary apo-dimer contacts.  
The 3D structures elucidated for the CTDs of CzrB (Cherezov et al., 2008), MamM (Zaytuni et al., 
2014) and T. maritima TM0876206-306 (Higuchi et al., 2009) all reveal that the apo-proteins form 
a V-shape dimer. The interacting residues which stabilise these CTD dimers (at the point of the 
'V') are in the loop between sheet β2 and helix α2 (Fig. 4.12). Specifically, in CzrB, there are 
interprotomer hydrogen bonds between Glu254-Gly249 and Val253-Thr251, along with several 
hydrophobic contacts between this loop and the C-terminus (Cherezov et al., 2008). The 
corresponding loop in ZnT8 CTD contains residue 325. The identity of residue 325 affects both 
the formation and stability of ZnT8c dimers. Expressing arginine at position 325, which increases 
type 2 diabetes risk in the full-length protein, causes a significant reduction in homodimerisation 
affinity of apo-ZnT8 CTD relative to the W325 variant. Conversely, the thermostability of apo-
ZnT8cR dimers is significantly increased relative to apo-ZnT8cW dimers. Interestingly, in the 
bacterial CDF CTDs and the mammalian ZnT CTDs (except ZnT4), this β2-α2 loop contains at least 
one negatively charged residue (Asp or Glu). The interfacial charge in YiiP CTD dimers is crucial 
for the function of the full-length transporter (Lu et al., 2009). Therefore, it is likely that in the 
ZnT8 CTD, substituting the uncharged, hydrophobic Trp with the charged, polar Arg disrupts the 
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charge environment of the apo-dimer interaction site, causing the observed effects on dimer 
formation and stability. 
 
 
Figure 4.12. The dimer interface site elucidated for the bacterial CDF CTDs. Hydrogen bonding between residues 
(red text) in the loop between sheet β2 (green) and helix α2 (blue) stabilises the apo-dimer. Residue 325 in ZnT8 
(yellow) is located in this loop.  
 
Observed tryptophan fluorescence λmax values can vary between ~310 nm for Trp48 in the 
protein azurin, where the Trp is totally buried in the protein interior, to ~360 nm for Trp25 in 
glucagon, where the Trp is totally exposed to solvent (Vivian & Callis, 2001). The λmax values for 
W306 and W325 in ZnT8c (342 and 352 nm, respectively), indicate that both residues are 
partially available to solvent, although W325 more so. Residue 325 forms part of the epitope of 
anti-ZnT8 autoantibodies in type 1 diabetic patients (Wenzlau et al., 2008), in agreement with 
the high solvent accessibility of W325. However, there is no difference in risk to develop type 1 
diabetes between carriers of R/W325.  
Fluorescence quenching with iodide confirms that both W306 and W325 in ZnT8cW and W306 
in ZnT8cR are surface-accessible to solvent. The Ksv1 values for both variants are greater than 
those measured for free tryptophan. This indicates that the environment of both W306 and 
W325 contains positive charges, as this promotes the binding of the negatively charged iodide 
ions. Furthermore, this charge effect on Ksv1 was decreased upon addition of 2 M NaCl. However, 
   β
2
                     α
2
 
T. thermophilus  CzrB      HLVVRGDTPVEEAH 
T. maritima   TM0876    DIEVDGKMSVKDAH 
M. gryphiswaldense  MamM       IIGVDPENTVEQAH 
H. sapiens   ZnT8         HVATAASRDSQVVR  
   
Douglas Parsons | 112  
 
a 3D model of ZnT8c with charged residues highlighted does not indicate a positively charged 
environment surrounding either tryptophan residue (Fig. 4.13). This suggests that, while ZnT8c 
forms stable dimers with the expected fold, the dimer may not be a symmetrical unit as 
indicated by the 3D models, and some asymmetry introduces a charged environment around 
the Trp residues. Studies using ‘humanised’ MamM, in which R/W325 were inserted into the 
bacterial protein, indicate that the humanised residues cause the CTD dimer to twist and 
introduce asymmetry (Zeytuni et al., 2014). High resolution 3D structures of the ZnT8c proteins 




Figure 4.13. 3D homology model of ZnT8cW apo-dimer in the ‘V’-shape conformation elucidated for the bacterial 
homologues. The two Trp residues are coloured magenta, with W306 at the top of the ‘V’ and W325 located at the 
bottom at the dimer interface. Positively charged residues (Arg, Lys, His) are coloured blue, while negatively 
charged residues (Glu, Asp) are coloured red. Model of ZnT8cW residues 267-369 created using SWISS-MODEL and 
visualised using Pymol (section 2.8). 
 
The addition of two molar equivalents of zinc to both ZnT8c variants significantly increases the 
thermal stability of both proteins. The significant difference in stability between the two apo-
protein variants is lost upon the addition of zinc. Residue 325 in ZnT8 is not predicted to directly 
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affect the conserved CTD interfacial zinc binding site. These data indicate that the structural 
issue caused by the R325W mutation is most prominent in the apo-protein. Unfortunately, 
attempts with high resolution structural techniques such as NMR and X-ray crystallography with 
ZnT8c did not yield 3D structures to elucidate the differences. The stabilising effect of Zn2+ on 
both ZnT8c variants is not seen upon addition of Ni2+. This is important, as the proteins contain 
hexahistidine tags, which bind both Ni2+ and Zn2+. This resultsuggests that metal binding to the 
hexahistidine tag does not significantly interfere with the structure or function of ZnT8c in these 
experiments. 
In conclusion, both ZnT8c variants are likely to form a ferredoxin-like fold and stable apo-dimers 
as observed for the bacterial homologues. W325 is solvent accessible and in a charged local 
environment. Residue 325 is located at the predicted dimer interface site, and significantly 
affects both dimer formation and stability in the absence of zinc. Whether these differences 
cause the alterations in zinc transport and diabetes susceptibility found in full-length ZnT8 
requires further experiments. 
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5. Metal binding of the CTD of ZnT8 
Abstract 
The current models of how the mammalian ZnTs function are based on the structure and 
function of the bacterial CDF YiiP. Metal binding to the CTD of E. coli YiiP causes a conformational 
change in the protein which allosterically regulates transport function of the full-length protein. 
The inter-protomer His261 residue required for this mechanism is not conserved in any 
mammalian ZnT. The second YiiP CTD zinc binding site is conserved in mammalian ZnTs. 
Potential metal binding cysteine motifs are conserved in the vesicular ZnTs CTDs. This chapter 
shows that the two ZnT8c variants bind zinc with a stoichiometry and affinity that differs to the 
bacterial homologues, emphasising the limitation of applying the bacterial model to mammals.  
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5.1 Introduction 
Zinc binding to CDF CTDs causes conformational changes that allosterically regulate transport in 
the full length protein (Lu et al., 2009). Homology models predict that His261, thought to be 
critical for this conformational change, is not conserved in the mammalian ZnTs. The vesicular 
subfamily of mammalian ZnTs also contains a CXXC motif in the C-terminal tail (Fig. 1.9). This 
motif is found in copper chaperones and mediates the transfer of copper from chaperone to 
transporter (Rosenzweig & O’Halloran, 2000). Therefore, an important question became 
whether this motif binds zinc in ZnT8. ZnT8 also contains a third cysteine residue close to the 
site of this conserved motif (CXXCXXXC). The first aim of this chapter is to compare the in vitro 
zinc binding of ZnT8c with that elucidated for the bacterial homologues. The only cysteine 
residues in ZnT8c are in the unstructured C-terminal tail. Therefore, blocking the cysteines 
should not disrupt the protein structure. Alkylating agents were therefore used to investigate 
the stoichiometry and affinity of ZnT8c zinc binding with and without accessible cysteines. 
The W325R mutation in the CTD of ZnT8 increases the risk of developing both type 2 and 
gestational diabetes (Davidson et al., 2014; Ziqi Lin et al., 2018). Studies on the effect of the 
mutation on transport function have provided mixed (contradictory) results. Transport assays 
conducted in rodent insulinoma cells lines MIN6 and INS-1E showed that the R325 variant had 
reduced transport activity (Kim et al., 2011; Nicolson et al., 2009). However, assays using 
proteoliposomes indicated that the R325 variant has increased transport activity under certain 
lipid conditions (Merriman et al., 2016). Transport assays conducted with X. laevis oocytes did 
not detect a difference between the two ZnT8 variants (Carvalho et al., 2017). Data from the 
previous chapter indicate that the R/W325 ZnT8c variants have altered dimer formation and 
stability. The second aim of this chapter, therefore, is to reveal possible differences in zinc 
binding capacity and affinity between the two ZnT8c variants. 
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5.2 Methods 
5.2.1 Inductively coupled plasma mass spectrometry (ICP-MS) 
Apo-protein samples were diluted using ≥18.2 MΩ.cm water and the zinc and nickel content 
measured with ICP-MS (Perkin Elmer Life Science, model NexION 350D). Zinc-66 and nickel-60 
were measured to avoid polyatomic interferences. Raw data were automatically corrected for 
natural isotope abundancies by the instrument software. All sample sets contained several 
internal standards. Operation of the instrument was carried out by Mr. Andrew Cakebread 
(King’s College London, UK).  
To examine zinc-binding stoichiometries of the two ZnT8c variants, the proteins were diluted to 
10 µM in 10 mM Tris/HCl, pH 8, 60 mM NaCl, 20 mM sucrose and incubated with 0-10 molar 
equivalents of Zn2+ (ZnCl2) for 10 min at 21 oC. Unbound Zn2+ was removed using gravity-flow gel 
filtration with PD MiniTrap G-25 desalting columns (GE Healthcare). Samples were then diluted 
with ≥18.2 MΩ.cm water and the zinc and nickel content measured with ICP-MS. 
5.2.2 UV absorbance spectroscopy 
UV absorbance spectra were acquired using a Chirascan Plus spectrometer (Applied 
Photophysics). Protein samples of either ZnT8c variant were diluted to 35 μM in 10 mM HEPES, 
pH 8, 60 mM NaCl, 20 mM sucrose and incubated with 0-2 molar equivalents of Zn2+ for 20 min 
at 21 oC. Absorbance spectra were collected between 250-400 nm. 
5.2.3 Tryptophan fluorescence zinc titrations 
Protein samples were diluted to 2 µM in 10 mM HEPES, pH 8, 60 mM NaCl, 20 mM sucrose. 
Fluorescence measurements were taken as described in section 4.2.3. Stock solutions of ZnCl2 
were prepared in water and used for titrations up to three molar equivalents (per monomer). 
Spectra were corrected for Raman scattering and dilution. 
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5.2.4 Zincon competition assay 
The affinity of the protein zinc binding sites was estimated by competition with the 
chromophoric dye Zincon. Zincon forms a 1:1 complex with Zn2+ with an affinity of 214 nM at pH 
8 (Kocyła et al., 2017). The concentration of free Zincon was measured at 488 nm with a Jenway 
7315 spectrophotometer using the extinction coefficient ε488 = 26,900 M-1 cm-1 and a 0.5 cm 
path length quartz cuvette. Assays were conducted in 50 mM HEPES, pH 8, 300 mM NaCl, 100 
mM sucrose. Zincon was diluted to 70 µM and titrated with ZnCl2, measuring the increase in 
absorbance at 620 nm. Competition assays were set up between 70 µM Zincon and 5 µM ZnT8c 
protein. Both unmodified apo-proteins and proteins treated with iodoacetamide were used 
(section 2.6). Binding stoichiometries were analysed by extrapolation of the linear portion of the 
titration curve and comparing with the buffer-only control. 
5.2.5 C-terminal peptide synthesis 
The human ZnT8 C-terminal peptide PDCLFCEDPCD (residues 359-369) was synthesised using a 
Prelude peptide synthesiser (Protein Technologies, Tucson, AZ, USA), according to the Fmoc 
strategy (Stawikowski & Fields, 2012). The peptide was analysed with HPLC on a Breeze system 
(Waters Corporation, Milford, MA, USA) equipped with an ACE5 C18-300 column (5 μm particle 
size, 4.6 × 250 mm), and subsequently purified with a Vydac semi-preparative column (5 mm 
particle size, 10 × 250 mm). The HPLC mobile phase was (A) 0.1% (v/v) trifluoroacetic acid (TFA) 
in water and (B) 0.1% (v/v) TFA in 90% (v/v) acetonitrile in water. The pure peptide was 
lyophilised and analysed on a Q-ToF Premier mass spectrometer (Waters Corporation). Peptide 
synthesis and purification was carried out by collaborators at the Polish Academy of Sciences 
(Poland; principal investigator Prof. Wojciech Bal).  
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5.2.6 Potentiometry 
Potentiometric titrations were performed on a 907 Titrando Automatic Titrator (Metrohm, 
Herisau, Switzerland) with a Biotrode combined glass electrode (Metrohm). The electrode was 
calibrated daily by titrating an argon-bubbled 4 mM HNO3/96 mM KNO3 solution with 0.1 M 
NaOH. The solubility of the peptide in the HNO3/KNO3 solution was verified using UV/Vis 
spectroscopy. Pure peptide, stored anaerobically, was dissolved in 7.5 mL of 0.4 mM HNO3/99.6 
mM KNO3 solution to a final concentration of 180 μM and incubated with 0-0.9 molar 
equivalents of ZnCl2 at 25 oC for 5 min before potentiometric titrations with 0.1 M NaOH. All 
experiments were carried out under argon at 25 oC. The SUPERQUAD and HYPERQUAD programs 
(Gans et al., 1996) were used to analyse the data and generate the species distribution diagrams. 
The formation of complexes was characterised by the general equilibrium process: 
𝑝M + 𝑞H + 𝑟L 
𝛽M𝑝H𝑞L𝑟





where M represents metal, L represents deprotonated ligand, H represents protons and β is the 
stability constant of a complex. In these experiments, the metal is zinc(II) and the ligand is the 
11-residue ZnT8 C-terminal peptide.  
5.3 Results 
5.3.1 Zinc:protein stoichiometry 
The two 6xHis-tagged ZnT8c protein variants were diluted to 10 μM and incubated with 0-10 
molar equivalents of Zn2+ (section 5.2.1). Following gel filtration to remove excess Zn2+, the zinc 
and nickel content of the proteins was measured using ICP-MS (Tables 5.1 and 5.2). Following 
gel filtration, the protein concentration of both variants dropped to 2 μM (measured 
spectroscopically). The two apo-ZnT8c variants, with no additional Zn2+ added, contained 
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approximately 0.15 total divalent metal ions (Zn2+ and Ni2+) per monomer (n = 3; total metal 
content in Tables 5.1 and 5.2 divided by 2 μM protein). Over 90% of this residually bound metal 
was contributed by Ni2+. Therefore, references to ‘apo-protein’ throughout this thesis refer to 
ZnT8c protein containing 0.15 molar equivalents of zinc and nickel ions, of which the majority is 
nickel. ICP-MS analysis following supplementation with up to ten molar equivalents of Zn2+ 
indicated that both 6xHis-tagged ZnT8c proteins maximally bound approximately three Zn2+ ions 
per monomer; ZnT8cR bound 2.6 ± 0.4, whereas ZnT8cW bound 3.2 ± 0.5 (Fig. 5.1). This 
difference in Zn2+ stoichiometry between the two ZnT8c variants is not statistically significant (n 
= 3, p = 0.156). The ICP-MS measurements indicate that the residually bound Ni2+ was displaced 
upon addition of Zn2+ (Tables 5.1 and 5.2). The 10 mM Tris/HCl, pH 8, 60 mM NaCl, 20 mM 
sucrose reaction buffer contained 0.11 ±0.01 μM nickel and 3.6 ±1.1 nM zinc (n = 3).  
 
Figure 5.1. Zinc stoichiometry of the two human ZnT8c variants. Samples of 10 μM ZnT8cR (teal diamonds) or 
ZnT8cW (red circles) were incubated with 0-10 molar equivalents of ZnCl2, unbound zinc removed using gel 
filtration, and their Zn2+ content measured using ICP-MS. The titration breakpoints indicated that ZnT8cR bound 
Zn2+ with a stoichiometry of 2.6 ± 0.4 per monomer, whereas ZnT8cW bound 3.2 ± 0.5 per monomer. This 



































Molar equivalents Zn2+ added
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Table 5.1 ICP-MS measurements of zinc and nickel content of 2 μM monomeric ZnT8cR after 
gel filtration following incubation with 0-10 molar equivalents of Zn2+ (n = 3).  
 
 ZnT8cR  
Mol. Equiv. 
Zn2+ added 
Zn (μM) Ni (μM) Total metal (μM) Metal:monomer 
0 0.03 ±0.02 0.26 ±0.03 0.29 0.15 
1 2.80 ±0.07 0.28 ±0.01 3.03 1.52 
2 5.28 ±0.39 0.24 ±0.02 5.52 2.76 
4 6.65 ±0.09 0.12 ±0.01 6.77 3.39 
10 5.99 ±0.30 0.01 ±0.01 6.00 3.00 
 
 
Table 5.2 ICP-MS measurements of zinc and nickel content of 2 μM monomeric ZnT8cW after 
gel filtration following incubation with 0-10 molar equivalents of Zn2+ (n = 3). 
 
 ZnT8cW  
Mol. Equiv. 
Zn2+ added 
Zn (μM) Ni (μM) Total metal (μM) Metal:monomer 
0 0.04 ±0.02 0.33 ±0.01 0.37 0.19 
1 2.48 ±0.15 0.28 ±0.02 2.76 1.38 
2 5.06 ±0.21 0.24 ±0.02 5.30 2.65 
4 6.51 ±0.38 0.12 ±0.01 6.63 3.32 
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5.3.2 UV absorbance 
The UV absorbance of 35 μM apo-ZnT8cR or apo-ZnT8cW was measured following addition of 
up to two molar equivalents (per monomer) of Zn2+. The spectra of both apo-proteins contained 
a broad peak at approximately 320 nm, in addition to the typical peaks contributed by aromatic 
residues at 275-290 nm (Fig. 5.2). The signal at 320 nm was likely contributed by a metal-to-
ligand charge transfer by bound Ni2+ (personal communication with Dr. Alex Drake, King's 
College London). Addition of up to two molar equivalents of Ni2+ to the apo-proteins did not 
affect the peak at 320 nm (Appendix XV). Upon addition of ZnCl2, the peak at 320 nm was lost 
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Figure 5.2. ZnT8c UV absorbance changes with addition of zinc. Representative (n = 3) UV absorbance spectra of 
35 µM of, A, ZnT8cR and, B, ZnT8cW in the absence of Zn2+ (blue), and with one (red) and two (green) molar 
equivalents of Zn2+, revealed that addition of Zn2+ ablates a broad peak at approximately 320 nm from both apo-
ZnT8c variants. Spectra are buffer and dilution corrected. 
 
5.3.3 Near-UV CD 
Samples of both ZnT8c variants were diluted to 35 μM and incubated with 0-2 molar equivalents 
of Zn2+ (per monomer). Comparisons of the near-UV CD signal of the apo-, 1Zn-, and 2Zn-bound 
ZnT8c proteins revealed that the first and second molar equivalents of Zn2+ have different effects 
(Fig. 5.3A and B). For both ZnT8c variants, the addition of one molar equivalent of Zn2+ induced 
a negative CD peak at approximately 315 nm (Fig. 5.3C). The near-UV CD signal at this 
wavelength is not contributed by the aromatic residues. This is the same wavelength at which 
the displacement of residually bound Ni2+ with Zn2+ was observed in UV absorbance 
measurements (Fig. 5.2). The second molar equivalent of Zn2+ differentially altered the spectra 
of the two ZnT8c variants between 270-290 nm (Fig. 5.3D). Tryptophan contributes to near-UV 
CD signal between 280-295 nm. ZnT8cW contains two tryptophan residues; W325 and W306, 
whereas ZnT8cR contains one; W306. Therefore, the near-UV CD data indicated that binding of 
the second Zn2+ ion altered the spectral properties of W325 differently to W306, likely by binding 























   






Figure 5.3. The near-UV CD of ZnT8c changes upon addition of zinc. Representative (n = 3) near-UV CD spectra with 
35 µM of, A, ZnT8cR and, B, ZnT8cW in the absence of Zn2+ (blue), and upon addition of one (red) and two (green) 
molar equivalents of Zn2+. Subtracting the spectrum of the apo-protein from that of the variant incubated with one 
molar equivalent of Zn2+, C, reveals the first Zn2+ binding event elicits a negative peak at 310 nm for both ZnT8cR 
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the one of protein incubated with two molar equivalents reveals a difference in signal in the second Zn2+ binding 
event between ZnT8cR (red) and ZnT8cW (blue) between 265-290 nm.  
 
5.3.4 Trp fluorescence zinc titrations 
The effect of Zn2+ on the local Trp environment of both ZnT8c variants was investigated using 
intrinsic protein fluorescence. The wavelength at which intensity is maximal, λmax, decreased by 
1 nm for both ZnT8c variants upon addition of 3 molar equivalents of Zn2+ (per monomer, Fig. 
5.4). Since the slit-width of the fluorimeter is 2.5 nm, these differences in λmax are not significant. 
For comparison, the blue-shift elicited upon addition of 2 molar equivalents of Zn2+ to the 
bacterial homologue CTD MamM is 6-7 nm (Zaytuni et al., 2014). This suggests that the 1 nm 
blue-shift in λmax found for both ZnT8c variants upon zinc binding does not represent the 
conformational change elucidated for MamM. Titration of up to 3 molar equivalents of Zn2+ 
increased the fluorescence intensity of ZnT8cR, while that of ZnT8cW was decreased (Fig. 5.4). 
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Figure 5.4. Zinc-induced changes in the tryptophan fluorescence of the two ZnT8c variants. Samples of either ZnT8c 
variant were diluted to 2 μM in 10 mM HEPES, pH 8, 60 mM NaCl, 20 mM sucrose and titrated with up to 3 molar 
equivalents of Zn2+. Spectra of the apo-proteins and the proteins incubated with 3 molar equivalents of Zn2+ are 
shown for clarity. All spectra were corrected for dilution and Raman scattering. A, representative (n = 3) emission 
spectra (λex = 295 nm) of ZnT8cR with no added Zn2+ (blue) and in the presence of 3 molar equivalents of Zn2+ (red). 
The wavelength at which intensity is maximal (λmax) was 341 nm for apo-ZnT8cR and 340 nm for 3Zn-ZnT8cR. B, 
Fluorescence emission of ZnT8cW in the absence (blue) and presence (red) of 3 molar equivalents of Zn2+. The λmax 
was 345 nm for apo-ZnT8cW and 344 nm for 3Zn-ZnT8cW. Since the slit-width of the fluorimeter is 2.5 nm, these 
differences in λmax are not significant. 
 
5.3.5 Zincon competition 
Zincon is a chromophoric dye which binds Zn2+ in a 1:1 ratio with a Kd of 214 nM at pH 8 (Kocyła 
et al., 2017). When titrated with Zn2+ in buffer (50 mM HEPES, pH 8, 300 mM NaCl, 100 mM 
sucrose) alone, 70 μM Zincon was saturated upon addition of 70 μM ZnCl2, indicating that the 
buffer did not compete directly with Zincon for the added Zn2+ (i.e. Zincon and the buffer did not 
have a similar Kd for Zn2+, Fig. 5.5, black squares). The signal at 620 nm increased upon addition 
of 1 μM ZnCl2 to the 70 μM Zincon solution, indicating that the buffer did not outcompete Zincon 
for the added Zn2+ (i.e. the buffer did not have a tighter Kd for Zn2+ than Zincon, Fig. 5.5, black 
squares). However, in competition with 5 μM of either apo-ZnT8c variant, the initial increase in 
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diamonds), indicating that both ZnT8c variants contain two zinc-binding sites with Kd < 214 nM, 
which outcompeted the Zincon for the added Zn2+.  
Alkylation of the three cysteine residues in both ZnT8c variants with iodoacetamide was 
confirmed using a DTNB assay (section 2.5 and 2.6). For both alkylated ZnT8c variants, only 5 
μM ZnCl2 was required to elicit the initial increase in Zincon signal (Fig. 5.5, red and magenta 
triangles), indicating that one of the two high affinity zinc-binding sites in ZnT8c is contributed 



























































   




Figure 5.5. Zincon competition assay with the two ZnT8c variants. A, samples of 70 µM Zincon in 50 mM HEPES, 
pH 8, 300 mM NaCl, 100 mM sucrose (black squares) were saturated with 70 µM ZnCl2. In competition with 5 µM 
ZnT8cR (blue diamonds), the initial increase in signal did not occur until 10 µM ZnCl2 is added. . When the cysteine 
residues of ZnT8cR were alkylated with iodoacetamide (red triangles), the initial increase in signal was elicited by 
5 µM ZnCl2. B, Inset highlighting the initial signal increase in A. C, Titrations of Zincon in buffer (black squares), and 
in competition with 5 µM ZnT8cW (magenta triangles) or 5 µM alkylated ZnT8cW revealed that ZnT8cW showed 
similar results to ZnT8cR. D, Inset highlighting the initial signal increase in C. 
 
5.3.6 Potentiometry 
The 11-residue C-terminal peptide (denoted 'L' for ligand in Fig. 5.6 and Tables 5.3 and 5.4) of 
human ZnT8 was synthesised and its mass verified using mass spectrometry (not shown); 
sequence NH2-PDCLFCEDPCD-COOH. Visible spectroscopy measurements indicated that 
concentrations of peptide greater than 0.2 mM were insoluble in the HNO3/KNO3 reaction 
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HNO3/99.6 mM KNO3 solution. Titration of the peptide with 0.1 M NaOH, and subsequent 
modelling of the proton concentration data using the SUPERQUAD and HYPERQUAD software 
(Gans et al., 1996), indicated that at pH 7.4 the major protonated species of the apo-peptide is 
LH4 (Table 5.3; Fig. 5.6A). The logK value for each LpHq in table 5.3 is calculated as the difference 
between the logβ values of two species. For instance, the logK of LH3 (9.71) is the logβ of LH3 
(31.14) minus the logβ of LH2 (21.43). Comparing the modelled logK protonation constants to 
an example physiological pH of 7.4, the first four protonation actions (LH-LH4) occur at a pH 
higher than 7.4. Using amino acid pKa values, this means that the three cysteine residue thiols 
(pKa = 8.3) and the N-terminal proline residue α-amino group (pKa = 10.6) are protonated at pH 
7.4. Separate peptide samples were incubated with 0.5, 0.65, 0.8 and 0.9 molar equivalents of 
Zn2+, and titrated with 0.1 M NaOH as for the apo-peptide. Modelling of these data yielded 
stability constants of the peptide-Zn2+ complex (Table 5.4). Again, the logK values are calculated 
as the difference between the modelled logβ values, for example the logK of ZnLH2 (7.26) is the 
logβ of ZnLH2 (33.14) minus the logβ of ZnLH (25.88). The stability constant of the ZnL2 complex 
is calculated relative to the ZnL complex, so the logK of ZnL2 (7.35) is the logβ of ZnL2 (23.33) 
minus the logβ of ZnL (15.98).The stability constant of the first peptide ligand (Table 5.4, ZnL, 
logK 15.98) is much higher than the second ligand (Table 5.4, ZnL2, logK 7.35), therefore the first 
peptide ligand binds to Zn2+ much more strongly than the second peptide ligand. Therefore, ZnL2 
species do not form to a significant degree and can be ignored during modelling of the 
physiological speciation. The zinc-ligand species distribution diagram (modelled using 
SUPERQUAD and HYPERQUAD software) indicates that at pH 7.4 there is a mix of 58% ZnLH and 
42% ZnLH2 (Fig. 5.6B). The stability constants for ZnLH and ZnLH2 were 9.9 and 7.3 respectively 
(Table 5.4). The Ka of the C-terminal peptide for Zn2+ can therefore be calculated by combining 
58% of 9.9 and 42% of 7.3, equal to approximately 8.8, and taking the antilog (10^8.8). Therefore, 
the estimated Kd of the C-terminal 11-residue peptide of ZnT8 for Zn2+ at pH 7.4 was 2 nM.  
   




Figure 5.6. Speciation diagrams for the 11-residue ZnT8 C-terminal peptide. A, protonation of 180 µM peptide 
(denoted L) during titration with NaOH according to data in table 5.3. At pH 7.4 the dominant species is LH4 (red). 
B, modelling of 180 µM peptide with 200 µM Zn2+ using the stability constants in table 5.4 reveals that at pH 7.4 
there is a mix of 58% ZnLH (red) and 42% ZnLH2 (green) relative to the peptide concentration. In both experiments 
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Table 5.3. Protonation constants for the ZnT8 11-residue C-terminal peptide, ionic strength 
0.1 M, temperature 25 
o
C. The residues predicted to be protonated in each species are 
predicted based on amino acid pKa values. 
 
LqHr logβ logK Predicted protonated residue 
LH 11.29 11.29 Proline α-amino 
LH2 21.43 10.14 Cysteine sulfhydryl 
LH3 31.14 9.71 Cysteine sulfhydryl 
LH4 40.05 8.91 Cysteine sulfhydryl 
LH5 45.79 5.74 Glutamic acid side chain 
LH6 50.57 4.78 Aspartic acid side chain 
LH7 55.33 4.76 Aspartic acid side chain 
LH8 59.22 3.89 Aspartic acid side chain 
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Table 5.4. Stability constants for zinc(II)-peptide complexes, ionic strength 0.1 M, 
temperature 25 oC. 
ZnpLqHr logβ logK 
ZnL 15.98 15.98 
ZnLH 25.88 9.9 
ZnLH2 33.14 7.26 
ZnL2 23.33 7.35 
ZnL2H 33.85 10.52 
ZnL2H2 44.20 10.35 
ZnL2H3 53.43 9.23 




The CTD of the bacterial CDFs purportedly acts as a metal sensor, linking occupancy of the 
binuclear zinc binding site C with activation of the exporter (Lu et al., 2009). A critical aspect of 
this model is that one of the two zinc sites in bacterial CDFs is formed of amino acid ligands from 
both CTD protomers in the dimer, providing the means for the conformational change elicited 
upon zinc binding (Lu et al., 2009). This inter-protomer zinc site is not conserved in the 
mammalian ZnTs, indicating that the bacterial model may not be sufficient to describe the 
mechanism of action of the mammalian proteins. The diabetes-risk W325R mutation in the CTD 
of ZnT8 alters zinc transport when the full length protein is reconstituted in liposomes 
(Merriman et al., 2016). The aim of  the investigations described in this chapter was to 
characterise the zinc binding properties of the two variant CTDs of ZnT8. 
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Homology modelling predicts that ZnT8c contains one zinc binding site, formed of His301, His 
318, and Glu352, with a water molecule completing the tetrahedral coordination. ICP-MS 
measurements indicate that both ZnT8c variants contain three zinc binding sites. Two of the 
three binding sites have high affinity for Zn2+ (tighter than 214 nM), and one of the three has 
lower affinity. Blocking of the cysteine residues with iodoacetamide indicates that one of the 
ZnT8c high affinity zinc sites is provided by the C-terminal cysteine residues. Furthermore, a 
synthesised C-terminal peptide encompassing the ZnT8c cysteine residues binds Zn2+ in a 1:1 
ratio with a Kd of 2 nM at pH 7.4. The low affinity site identified in both ZnT8c variants is likely 
provided by the hexahistidine tag. Literature values for the affinity of protein-bound His-tags for 
Ni2+ are approximately 700 nM (Nieba et al., 1997), and the affinity of His-tags for Zn2+ is lower 
than that for Ni2+ (Watly et al., 2015). Therefore, the stoichiometric data can be reconciled with 
the homology modelling in that one zinc is bound with high affinity at the conserved interfacial 
site, the second high affinity site is provided by the C-terminal cysteines, and the third binding 
site has lower affinity for Zn2+ and is provided by the His tag. 
The affinities of the metal binding sites in CDF CTDs are critical to their purported function as 
sensing and regulatory units. The Kd for Zn2+ of the CTD of E. coli YiiP reconstituted into liposomes 
is 24 μM (Lu et al., 2009), although earlier measurements indicate one binding site in YiiP has a 
Kd for Zn2+ of 3 μM (Wei & Fu, 2006). The zinc transport Km of YiiP in liposomes is 554 μM (Lu et 
al., 2009). The problem with these affinities is that the cytosolic free zinc concentration in E. coli 
is approximately nanomolar, if there is any at all (Outten & O’Halloran, 2001). Therefore, the 
sensing mechanism suggested for the CTD of bacterial CDFs would not detect any zinc under 
normal circumstances, and thus YiiP transport function would be inhibited (Lu et al., 2009). This 
may not be a problem for bacterial exporters such as YiiP, but the vesicular subfamily of 
mammalian ZnTs supply functionally significant secretory vesicles with zinc against a large 
concentration gradient. The two high affinity zinc binding sites (Kd < 214 nM) in the CTD of ZnT8 
identified in this study are significantly stronger than the binding of the bacterial CDF CTDs. 
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Cytosolic free Zn2+ concentrations in HEK293 and HeLa cells are approximately 0.9 nM (Hessels 
et al., 2015). The 2 nM affinity of the C-terminal peptide indicates that the ZnT8 CTD may be 
able to bind physiologically relevant concentrations of zinc. However, in vitro binding affinities 
of a small peptide may not be representative of in vitro binding of the full-length protein, let 
alone in vivo binding. Calorimetric analysis of Zn2+ binding to the MTCAAC motif in the metal 
binding domain of A. thaliana Cu(I)-ATPase HMA7 reveals a similar Kd at pH 7.3 of 5 nM 
(Zimmermann et al., 2009). However, in the MTCAAC site in HMA7, the other coordinating 
ligands are provided by the amino N and the carbonyl O of the N-terminal methionine from the 
second protomer in a dimer (Zimmermann et al., 2009). The C-terminal peptides of the vesicular 
ZnTs also contain several residues which could complete the coordination geometry of a Zn2+ 
ion in a 1:1 interaction. However, which residues coordinate the Zn2+ ion in the peptide 
investigated here, and whether this is physiologically relevant, is not clear. 
The relatively low stability constant of the ZnL2 ZnT8 C-terminal peptide species indicates that 
zinc-induced dimerisation of the peptide is not energetically favoured. This agrees with native 
PAGE data in Chapter 4 of this thesis showing that dimerisation of ZnT8c is independent of 
disulphide formation or the presence of divalent cations (Fig. 4.3). While ZnT8 contains three C-
terminal cysteine residues, only the CXXC motif is conserved in the other vesicular ZnTs. It is 
tempting to speculate that the importance of metal transport into specific functional vesicles by 
vesicular ZnTs has resulted in the evolution of additional metal sensing/uptake strategies 
relative to the non-vesicular ZnTs. To discover whether this motif mediates transfer of metal 
from a chaperone to the transporter, as in copper homeostasis (Rosenzweig & O’Halloran, 2000), 
requires additional experiments. Intriguingly, the coordination of Zn2+ by cysteine residues 
means that occupancy of the site is necessarily linked to cellular redox biology. Pancreatic beta-
cells are unusually vulnerable to oxidative stress (Lenzen, 2008). This is exacerbated by increased 
reactive oxygen species (ROS) production by mitochondria during prolonged exposure to high 
glucose (Gerber & Rutter, 2017), a symptom of type 2 diabetes. Increased ROS production during 
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hypoxia decreases both ZnT8 expression and cytosolic free zinc (Gerber et al., 2014). It is 
therefore conceivable that ZnT8 and the other vesicular ZnTs are regulated in some way by 
cellular redox balance through cytosolic zinc binding to these C-terminal cysteine residues. This 
study is the first evidence of the in vitro functionality of this motif in mammalian ZnTs. Additional 
experiments are required to elucidate the function in vivo. 
In the CTDs of CzrB and MamM, addition of zinc to the apo-proteins causes the CTD protomers 
to swing together, from a ‘V’ shape to a ‘II’ shape. This conformational change is verified by the 
crystal structures of apo- and zinc-bound CzrB (Cherezov et al., 2008), and small angle X-ray 
scattering (SAXS) of both CzrB and MamM (Cherezov et al., 2008; Zaytuni et al., 2014). In 
common with ZnT8c, MamM encodes a single Trp residue located on the dimer interface in the 
open part of the V-conformation formed by the apo-proteins (W247 in MamM, W306 in ZnT8cR) 
(Zaytuni et al., 2014). Addition of Zn2+ to MamM causes a blue-shift in intrinsic protein 
fluorescence λmax, indicative of W247 becoming less solvent accessible after the transition from 
the apo (V-shape) to Zn2+-bound (II-shape) conformation (Zaytuni et al., 2014). Intrinsic protein 
fluorescence data presented here show that addition of two molar equivalents of Zn2+ do not 
induce a large blue-shift in ZnT8c Trp fluorescence, indicating that the conformational change 
observed in the bacterial CDF CTDs is not induced by Zn2+ in ZnT8c. This is to be expected, as the 
mammalian ZnTs are not predicted to contain the interprotomer ligand (His261 in E. coli YiiP) 
found in the bacterial homologues. In the absence of a zinc-induced conformational change, it 
is not clear what the in vivo function of the interfacial zinc site is in the mammalian ZnTs.  
This study did not detect any significant difference in zinc binding between ZnT8cR and ZnT8cW. 
The near-UV CD data indicate that binding of the second Zn2+ ion alters the spectral properties 
of W325 differently to W306. This is to be expected, as W325 is predicted to be localised close 
to the canonical interface binding site and may be close to the cysteine site in the unstructured 
C-terminal tail (Fig. 5.7). Characterisation of the transport kinetics of the two full length ZnT8 
isoforms revealed that the R325 variant is a more active transporter under certain lipid 
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compositions in liposomes (Merriman et al., 2016). The altered lipid conditions purportedly 
mirror those found in insulin secretory granules in vivo (Merriman et al., 2016). A second report 
investigating differential uptake into X. laevis oocytes did not find a difference in transport 
activity between the R/W325 ZnT8 variants (Carvalho et al., 2017). Therefore, there may be a 
difference in zinc binding to the two ZnT8c variants, but the techniques used in this study were 
not sufficiently sensitive to detect it. It may also be the case that exposure to certain lipid 
conditions in vitro or in vivo alters the function of the full-length proteins in such a way that zinc 
binding to the CTD is modified by residue 325. 
 
 
Figure 5.7. Homology model of ZnT8cR. 3D homology model of ZnT8cR produced using SWISS-MODEL (section 2.9) 
based on the zinc-bound structure of T. thermophilus CzrB (PDB ID: 3byr). The residues forming the canonical 
interface site are coloured magenta and residue 325 (Arg) is coloured red. The predicted location of residue 325 is 
both at the dimerisation site and close to the interfacial zinc binding site. 
 
In conclusion, this study shows that zinc binding to the CTDs of mammalian ZnTs is different to 
that elucidated for the bacterial homologues. The identification of two high-affinity zinc binding 
sites in ZnT8 CTD suggests that a sensing role of this domain is possible in vivo. The C-terminal 
cysteine motif has an affinity for Zn2+ of 2 nM. This motif is only conserved in the vesicular ZnTs, 
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suggesting that there may be a specialised zinc sensing/uptake mechanism for this critical 
subfamily. Additional structural information would help to elucidate the functional 
consequences of zinc binding to this domain, and may help further unravel the effect of the 
diabetes-risk W325R mutation on ZnT8 function.  
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6. General Discussion 
Zinc biochemistry is central to cellular processes in all forms of life. While iron is twice as 
abundant as zinc in the human body, the proportion of the human proteome contributed by zinc 
proteins is five times that of iron proteins (10% to 2%) (Andreini et al., 2006a, 2018). These 
structural and catalytic roles for zinc in proteins are complemented by the emerging field of zinc 
signalling (Maret, 2017). Correct cellular compartmentalisation of zinc is inextricably linked to 
these functions. In humans, the efflux of zinc from the cytosol into organelles or the extracellular 
space is mediated by the ZnT family of transporters (Palmiter & Huang, 2004).  
There is currently no 3D structure of a mammalian ZnT. The models of how these transporters 
function are based on the mechanism elucidated for their bacterial homologues, in particular 
that of E. coli YiiP (Lu et al., 2009). YiiP protomers are formed of a TMD and a metal-binding CTD, 
an architecture which is generally shared by most of the mammalian ZnTs (Kambe et al., 2015). 
In YiiP, the CTD contains a binuclear zinc binding site, with one component ligand provided from 
the second protomer in the dimer (Lu & Fu, 2007). A conformational change is elicited in the YiiP 
CTD by zinc binding to this interprotomer site, which allosterically regulates transporter function 
(Lu et al., 2009). This crucial interprotomer site is not conserved in mammalian ZnTs, indicating 
that this 'sensing' function of the CTD may differ in mammals. 
The functions of mammalian ZnTs extend beyond simple transport. ZnT1 is implicated in the Ras-
ERK signalling pathway and modulates the activity and localisation of both L-type and T-type 
calcium channels (Levy et al., 2009; Mor et al., 2012). ZnT2 recruits the vacuolar H+-ATPase to 
the membrane of secretory vesicles in mammary epithelia (Lee et al., 2017). Mutations in the 
CTDs of human ZnTs are linked to several diseases, including TNZD, hypermanganesemia, and 
diabetes (Hogstrand & Maret, 2016). The W325R mutation in the CTD of ZnT8 increases the risk 
of developing both type 2 and gestational diabetes, and alters the specificity of autoantibodies 
in type 1 diabetes (Davidson et al., 2014; Ziqi Lin et al., 2018; Wenzlau et al., 2008). Cell, oocyte 
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and proteoliposome-based transport assays have returned contradictory results on the effect of 
the W325R mutation on transport kinetics of the full-length protein (Carvalho et al., 2017; 
Merriman et al., 2016; Nicolson et al., 2009). Elucidating structural and functional characteristics 
of the two variant CTDs of ZnT8 would aid in our understanding of how this crucial family of 
proteins function, and could shed light on the pathogenesis of these diseases. 
The first aim of this study was to express and purify the CTDs of the two common ZnT8 variants. 
The expression and purification of three bacterial CDF CTDs separate from the TMD has been 
previously reported (Hattori et al., 2007; Höfer et al., 2007; Zeytuni et al., 2012). Sequence 
analysis reveals that the ferredoxin-like fold formed by these domains is conserved in ZnT8c. The 
human copper chaperone Atox1 also forms this fold, and has been successfully expressed in E. 
coli (Belviso et al., 2016). Therefore, it was expected that ZnT8c would express in E. coli. 
Expression plasmids encoding ZnT8c were therefore designed, and Chapter 3 details the process 
of optimising the expression and purification of the two variant proteins. Both ZnT8c variants 
predominantly expressed in an insoluble form. Initial expression tests with a plasmid encoding 
a WELQ protease site instead of a TEV protease site resulted in solely insoluble protein being 
produced. Two conclusions can be drawn from the data collected with this construct. Firstly, this 
shows that the N-terminal extension is critical to the solubility and/or folding of the protein. We 
tested the soluble protein expression with several different C-terminal deletions, anticipating 
that aberrant disulphide formation between the cysteine residues in this region were 
contributing to the misfolding. Deletion of the region containing these cysteine residues did not 
alleviate the misfolding problem. The region selected to represent the CTD of ZnT8 (residues 
267-369) was based on the information in the UniProt database. The first eight residues of this 
region (LKDFSILL) contains a large proportion of hydrophobic residues. Deleting one or more of 
these residues, or adding one or more hydrophilic residues around the protease site, may have 
improved the soluble protein expression.  
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Secondly, the refolding of isolated, denatured ZnT8c requires additional optimisation. This 
misfolding process may also extend to the aggregated protein produced during soluble protein 
expression with the TEV constructs. Using a different expression system could have greatly 
improved the expression and folding of ZnT8c protein. While we did not anticipate the presence 
of post-translational modifications, and the human protein Atox1, which is also formed of a 
ferredoxin fold, was successfully expressed in E. coli (Belviso et al., 2016), a eukaryotic system 
such as yeast or insects would have been simple to test and may have solved these issues.  
Switching to a low induction temperature and longer induction time increased the soluble 
protein yield to approximately 1 mg per litre of culture for both variants. Far-UV CD analysis 
indicated that the dimeric proteins were folded as expected, and both variants formed dimers 
independently of disulphide bond formation or the presence of divalent metal ions. The soluble, 
aggregated ZnT8c protein was formed of a predominantly β-sheet structure, indicating some 
protein misfolding. Formation of amyloid-like structures by ZnT8c could be very interesting, as 
amyloidogenesis is implicated in type 2 diabetes (Mukherjee et al., 2015), and the full-length 
protein forms SDS-resistant dimers when extracted from mammalian cells (Nicolson et al., 2009). 
Whether this connection is physiologically relevant would require additional experiments. 
Further optimisation of the ZnT8c protein expression yield is almost certainly possible, and the 
presence of additional chaperones in eukaryotic expression systems would likely reduce protein 
misfolding. However, after the first 18 months of this study these efforts were halted to focus 
on the downstream experiments. 
The second aim of this study was to elucidate the differences between ZnT8c and the CTDs of 
the bacterial homologues. These experiments were greatly aided by the biophysical 
characterisation (beyond just a 3D structure) of the bacterial CDF CTDs T. thermophilus CzrB and 
M. gryphiswaldense MamM, although metal binding data is scarce in these reports (Cherezov et 
al., 2008; Zaytuni et al., 2014). In common with these homologous proteins, ZnT8c forms a stable 
dimer in the absence of divalent cations. The ferredoxin-like fold is conserved. One key 
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difference is the loss of the protomer-bridging His261 residue in the mammalian ZnTs, which is 
crucial for the CTD conformational change in the sensing mechanism of YiiP (Lu et al., 2009). In 
the absence of this movement, what is the function of Zn2+ binding to the CTD of mammalian 
ZnTs? High resolution 3D structures of ZnT8c would answer this question. That ZnT8c protein 
crystals did not diffract indicates that the protein contained some internal disorder, which is 
probably caused by unfolding, exacerbated by the high protein concentrations required for 
crystal formation. 
In the bacterial homologues, the affinity of the metal binding sites is approximately micromolar; 
too weak to bind nanomolar free Zn2+ in the cytosol under normal conditions (Outten & 
O’Halloran, 2001; Wei & Fu, 2006). This disparity spawned proposals of chaperone-mediated 
delivery of Zn2+ to the transporters (Cherezov et al., 2008), similar to that found in copper 
transport (Harris, 2000). An interesting property of the vesicular subfamily of ZnTs is the 
conservation of a cysteine motif (CXXC) in the C-terminal tail. The most abundant cytosolic zinc 
chaperone is cysteine-rich metallothionein, which is ubiquitously expressed in eukarya but has 
only been identified in some bacteria (Blindauer, 2011). However, there is no evidence so far of 
chaperone-mediated transfer of metal to zinc transporters. Intriguingly, the C-terminal peptide 
of ZnT8 containing the cysteine residues has an affinity for Zn2+ of 2 nM at pH 7.4. Therefore, the 
cytosol-facing CTD could bind physiologically relevant concentrations of free zinc (approximately 
0.9 nM in HeLa and HEK293 cells (Hessels et al., 2015)). The conserved interfacial zinc-binding 
site also has a significantly stronger affinity for Zn2+ than the bacterial homologues. These strong 
binding sites may be involved in specific uptake mechanisms evolved in the vesicular ZnTs, which 
are not necessarily required in ZnTs localised to the Golgi or the plasma membrane. Regardless, 
there are clearly significant differences between ZnT8c and the bacterial CDF CTDs. 
The third aim of this study was to assess the biochemical effect of the diabetes-risk W325R 
mutation in ZnT8c. In the full-length protein, this mutation has been shown to affect zinc 
transport in some (Merriman et al., 2016; Nicolson et al., 2009), but not all studies (Carvalho et 
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al., 2017). The protein conformation is also altered by the mutation, as the specificity of 
autoantibodies is different in type 1 diabetic patients (Wenzlau et al., 2008). This study did not 
detect a difference in metal binding between the two ZnT8c variants. There are two possibilities 
for this; firstly, the techniques used may not have been sensitive enough to detect the difference. 
Revealing the difference in transport kinetics between the two full-length ZnT8 variants in 
proteoliposomes required certain lipid formulations, suggesting that the mutation does not 
cause large changes in the proteins (Merriman et al., 2016). One issue with our study is that the 
ZnT8c protein always contained a zinc-binding His-tag. This issue prevented some additional 
experiments to explore small differences in metal binding between the two protein variants, 
such as ITC, as data analysis would be plagued by concerns of zinc binding to the tag. However, 
one technique that could have been used to validate the metal:protein stoichiometries and 
affinities is electrospray ionisation mass spectrometry (ESI-MS) (Deng et al., 2010). ESI-MS has 
the added benefits of accurately quantifying the protein concentration, which is an issue that 
was not addressed fully in this thesis, and determining the exact size of the protein isolates. This 
would have been particularly useful during protease cleavage optimisation.  
The second possible reason that no difference in metal binding was detected between the two 
ZnT8c variants is that there is no difference. This study indicates that the differences caused by 
the W325R mutation are in dimer formation and stability. In the bacterial CTDs, the loop 
between β2-α2 forms the dimer interface (Cherezov et al., 2008; Higuchi et al., 2009; Zaytuni et 
al., 2014). The corresponding loop in ZnT8 contains residue 325. In E. coli YiiP, the CTD charge 
interface is critical to its function (Lu et al., 2009). The substitution of an uncharged, aromatic 
Trp side chain for a charged, polar Arg side chain disrupts the dimer interface in ZnT8c. Studies 
using humanised M. gryphiswaldense MamM, in which R/W325 is mutated in to the bacterial 
CTD, indicate that the dimer is twisted and becomes asymmetrical (Zeytuni et al., 2014). The 
CTDs of other mammalian ZnTs have been shown to mediate protein-protein interactions; of 
particular interest is the recruitment of a H+-ATPase to the secretory granule membrane by ZnT2 
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(Lee et al., 2017). Therefore, one possibility is that the mutation at residue 325 which increases 
diabetes-risk may alter functions of ZnT8 unrelated to zinc transport itself.  
One interesting aspect of ZnT8 biochemistry that was not explored in this thesis is that of 
heterodimer formation. Alleles for both isoforms vary in different populations, but are both 
common; ‘C’ encoding R325 present in 60-95% of people, ‘T’ encoding W325 present in 5-40% 
(Boesgaard et al., 2008). Therefore, in some populations most people will express both protein 
isoforms. Whether heterodimers can form in the full-length proteins is not known, but the 
isolated CTDs of both forms would be an excellent tool to begin to explore this relationship. 
Future directions 
This study is the first to show that the CTD of a mammalian ZnT binds Zn2+ and that it may be 
physiologically relevant. However, a key issue which remains unanswered at this stage is what 
the purpose of this Zn2+ binding actually is, both in vitro and in vivo. High resolution 3D structural 
elucidation using NMR spectroscopy with the ZnT8c proteins is ongoing in our laboratory, with 
the hope to answer the question of in vitro function. As suggested above, the biochemical effect 
of this mutation in vivo may be to interfere with protein-protein interactions or other protein 
functionality. In some populations, the heterodimer may be the most relevant form of the full-
length protein. Many of the experiments presented in this thesis could simply be repeated with 
a mixture of both forms of ZnT8c. Investigations into other potential protein partners for ZnT8 
are also ongoing in our laboratory. 
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VIII. Appendices 
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Appendix II. Plasmid map of pET6H. pET6H is derived from pET11d (Novagen), containing a 
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Appendix III. Protein encoded by pET6H-TEV-ZnT8cR. His tag highlighted in blue, TEV 
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Appendix IV. Protein encoded by pET6H-TEV-ZnT8cW. His tag highlighted in blue, TEV 
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Appendix V. Protein encoded by pET6H-WELQ-ZnT8cR. His tag highlighted in blue, WELQ 
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Appendix VI. Full-length SLC30A8 cDNA sequences encoding wild-type (R325) ZnT8 and the 
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Appendix VII. Alignment of primary sequences of H. sapiens ZnT8cR (residues 267-369) and 
the CTD of T. thermophilus CzrB (residues 199-284) used for 3D homology modelling in 























   
Douglas Parsons | 173  
 
Appendix VIII. Longer induction time improves ZnT8c protein yield. Size exclusion 
chromatograms of affinity purified ZnT8cW protein expressed in SoluBL™ E. coli following 18 
h (dotted line) or 42 h (solid line) induction with 0.5 mM IPTG at 16 oC at 200 rpm on an 
orbital shaker. Both samples had major peaks at 41 and 71 min, corresponding to proteins 
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Appendix IX. Double colony selection expression tests using SoluBL21™ E. coli. Three or four 
single colonies were picked from LB agar plates inoculated with SoluBL21™ cells transformed 
with pET6H-TEV-ZnT8cR or pET6H-TEV-ZnT8cW. LB medium bacterial cultures were grown 
from these single colonies to an OD600 of 0.6 and then induced with 0.5 mM IPTG overnight 
at 16 oC at 200 rpm on an orbital shaker. Total protein expression was analysed by taking an 
aliquot from each sample and resuspending the bacterial pellet in 2x Laemmli sample buffer. 
Protein samples were separated by SDS-PAGE and stained using Coomassie R250. Lanes R1-R4 
contain total protein extracted from bacteria expressing ZnT8cR. Lanes W1-W3 contain total 
protein extracted from bacteria expressing ZnT8cW. The image quality is poor – visually the 
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Appendix XI. ZnT8cW dimers did not contain a dityrosine bond. A 7 μM sample of ZnT8cW 
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Appendix XII. Nano differential scanning fluorimetry (nDSF) measured the thermostability of 
the two ZnT8c variants. The first derivative of the 350/330 nm ratio accurately indicates the 
melting temperature of ZnT8cR (red, Tm = 43.3 ±0.1 oC) and ZnT8cW (green, Tm = 41.9 ±0.1 
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Appendix XIII. Grid scans of 80 x 20 µm oblong ZnT8cR crystal. Crystal did not diffract, so it 
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Appendix XIV. Grid scans of two drops containing approximate 5 x 5 µm square ZnT8cR 
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Appendix XV. ZnT8c UV absorbance is not altered by Ni2+ addition. Representative (n = 3) UV 
absorbance spectra of 35 µM of, A, ZnT8cR and, B, ZnT8cW in the absence of Ni2+ (blue), and 
with one (red) and two (green) molar equivalents of Ni2+, revealed that addition of Ni2+ does 
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